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/ABSTRACT
This th e s is  comprises a study o f the p h ysio log ica l ch a ra cter is tic s  o f  
the haemoglobins o f severa l worms in  r e la t io n  to th e ir  h ab ita ts and l i f e ­
s ty le s  •
A method for  measuring oxygen-equilibrium in  m icro litre  q u an tities  o f  
whole blood i s  described. Equilibrium data were determined fo r  the vascular  
bloods o f the polychaetes CirrifomrLa ten tacu la ta . Ter eb e l l  a la p id a r ia , 
Arenicola marina, and Neoamphitrite f ig u lu s . Coelondc haemoglobins were 
studied in  T.la p id a r ia , Motomastus la te r ic e u s , C apitella  cap ita ta  and the 
echiuroid Thalg^sep^a neptuni. These bloods d iffered  in  oxygen a f f in it y  (p50) 
and the shape o f the equilibrium  curve (N),
Magelona i s  unique in  the annelids in  having haemerythrin and some 
physico-chem ical properties are compared w ith the sipunculid pigment in  
G olfingia elongata.
Some physico-chem ical properties o f  chlorocruorin, a pigment pecu liar to  
polychaetes, were obtained from Sabella p e n ic i l lu s , M ercierella  enigm atica, 
and Pherusa plumosa and th e ir  p roperties conçjared.
Assunç)tdons o f ^  vivo pH values were c r i t i c a l ly  examined and large in tra -  
and in te r sp e c if ic  d ifferen ces were measured, some being outside the pH 
range used in  Bohr s h i f t  s tu d ies .
Carbonic anhydrase k in e t ic s  o f  A renicola marina blood were compared with  
a bovine preparation. In h ib itio n  w ith acetazolandde suggested p a rtic ip a tion  
in  the removal o f m etabolic CO^ , The enzyme was looked for in  several other 
polychaete t is su e s  using a micromethod, developed for  th is  study.
The p o s s ib i l i t y  o f a storage function  o f a coelomic haemoglobin was 
examined in  T,la p id a r ia , A erial resp ira tion  ra tes  in  CO^-free and 2,5/^ 00  ^
atmospheres a t several temperatures were determined. The use o f CO^  buffers  
i s  thought to be an innovation .
The e f fe c t  o f temperature on the p^O's o f T,la p id aria . A,marina, and 
Neanthes v lren s haemoglobins was analysed according to the v a n 't Hoff 
in teg ra tio n . No molecular adaptations reducing temperature s e n s it iv ity  were 
found.
The emergent theme was th at the polychaetes studied were not so much 
adapted to a range o f environmental variab les (since they o ften  created  
th e ir  own environment) but rather to a way o f  l i f e .
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1 PREFACE
There i s  a w ea lth  o f  l i t e r a t u r e  on th e  o x y g e n -e q u il ib r ia  o f  
in v e r te b r a te  r e s p i r a to r y  p ig m en ts . A summary o f  th e  a n n e lid  d a ta  
i s  g iven  i n  Appendix 1 • The f i r s t  o f  th e se  s tu d ie s  was p u b lish e d  e x a c tly  
50 y e a rs  ago by B a n c ro ft & B a n c ro f t .  R ecen tly  however, Mangum (1970,1973) 
q u e s tio n e d  th e  assum ptions u n d e rly in g  th e  ex p erim en ta l approach o f th e  
o ld e r  works and e re c te d  new c r i t e r i a .
The problem  was i n  e x t ra p o la t in g  from v i t r o  experim en ts to  ^  vivo 
fu n c t io n .  With r e c e n t  te c lin ic a l  advances i t  i s  p o s s ib le  to  m easure pH,
£00^ and pO^ v e ry  a c c u ra te ly  i n  m ic r o l i t r e  q u a n t i t i e s  o f  a n a e ro b ic a l ly  
sam pled b lo o d . Thus i t  i s  w orth  re -ex am in in g  o ld e r  works and ne&r 
in fo rm a tio n  can b e  g a in ed  from much sm a lle r  anim als th a n  was h i th e r to  
p o s s ib le .  I t  i s  th e r f o r e  h a rd ly  s u r p r is in g  t h a t  so mary s tu d ie s  on 
th e  o x y g en -eq u ilib riu m  have been  p u b lish e d  s in c e  1970.
In  c o n t r a s t  id .th  mary o f  th e  more b io c h e m ic a lly  o r ie n te d  c o n tr ib u tio n s , 
t h i s  t h e s i s  was an a tten d it to  u n d e rs tan d  th e  fu n c tio n  o f  th e  r e s p i r a to r y  
p igm ents th rough  in t e r p r e t a t i o n  o f  th e  o x y g en -eq u ilib riu m  d a ta .  This was 
made p o s s ib le  v jith  some knowledge o f  i n  v ivo  pH 's  and pO ^'s and by u s in g  
f r e s h  w hole b lo o d  f o r  th e  ex p erim en ts .
Two a re a s  rem ain  to  be ex p lo re d . The f i r s t  i s  a p r e c i s e  u n d ers tan d in g  
o f  th e  n e a r  environm ent and ^  v ivo  pCO^ and pO^ v a lu e s .  The la c k  o f  t h i s  
in fo rm a tio n  i s  p a r t l y  due to  th e  l im i t a t i o n s  i n  te ch n iq u es  o f  m icro ­
a n a ly s i s .
Secondly , i t  i s  n o t  known w hether th e  e q u ilib r iu m  p r o p e r t i e s  a re  a 
f ix e d  c h a r a c t e r i s t i c  o f  in v e r te b r a te  haem oglobins, o r  w hether th e re  are  
i n  v ivo  m o d if ie rs  o f  £^0 and N. These m o d if ie rs  may r e s u l t  from  changes 
i n  th e  p ro p o r tio n s  o f  monomer and dimer e lem en ts , each i-jith d i f f e r e n t  
e q u ilib r iu m  p r o p e r t i e s ,  o r  from b io ch em ica l su b s ta n c e s . I t  was o n ly  
r e c e n t ly  t h a t  th e  im portance o f  o rg an ic  p h o sphates i n  mammalian re d
b lo o d  c e l l s  was r e a l i s e d  and t h e i r  e f f e c t s  on th e  e q u ilib r iu m  
s tu d ie d  (Benesch & B enesch, 1969) ,  There a re  no a p r i o r i  rea so n s  
why th e  same v e r te b r a te  m o d if ie rs  2 ,3  DPG and I  HP shou ld  be  found in  
p o ly c h a e te  b lo o d s  b u t  o th e r  su b s tan ces  may y e t  b e  fo u n d . A com parison of 
h ig h ly  p u r i f i e d  s o lu t io n s  o f  haem oglobin w ith  whole b lo o d  may h e lp  to  
r e s o lv e  t h i s  as w e ll  as th e  q u e s tio n  o f  th e  s ig n if ic a n c e  o f  haem oglobin in  
p o ly c h a e te  coelom ocy tes. The answer m ust ta k e  in to  accoun t th e  o b se rv a tio n  
t h a t  many a n n e lid s  have v a s c u la r  haem oglobins which a re ,  w ith o u t 
e x c e p tio n , f r e e l y  d is s o lv e d  in  th e  p lasm a i n  c o n t r a s t  w ith  th e  coelom ic 
c e l l  haem oglobins.
These a sp e c ts  a re  a c h ia ro sc u ro  o f  hope f o r  th e  f u tu r e  u n d e rs ta n d in g  
o f  th e  fu n c tio n s  o f  in v e r te b r a te  r e s p i r a to r y  p ig m en ts .
Table .2 .1 . The e f fe c t s  o f propylene phenoxLtol and MS222 on the pH o f  
coelomic f lu id  and vascular f lu id  in  Arenicola marina at
Treatment pHcf aH n s pHvf n s
None 7.32 U7.9 5 0.015 7.28 52.5 5 0.005
0 .3% phenoxitol 7.27 5U.3 h 0.015 7.28 52.5 U 0.005
^% MS 222 7.30 50.1 k 0.020 7.29 51.3 k 0.005
pHcf i s  the pH o f coelomic f lu id , pHvf the vascular f lu id ,  aH i s  H 
a c t iv ity  in  nmol 1 ,  n i s  the number o f determ inations, and S the
standard d eviation .
A'
2 MIïrHODS
2*1 H easurem ent o f body f l u i d  pH
For th e  pu rpose o f  t l i i s  s tu d y , th e  e le c tro c h e m ic a l d e te rm in a tio n  o f 
pH may be d e f in e d  as - lo g  all, where ali i s  th e  hydrogen io n  a c t iv i ty *  The 
N a tio n a l Bureau o f S ta n d a rd s ’ (NBS) p H -sc a les  and c e r t i f i e d  b u f f e r s  were 
used  a lth o u g h  a sm all e r r o r  may be  in tro d u c e d  v jith  p o ly c h a e te  f l u i d s  
becau se  th e y  have a h ig h e r  io n ic  s t r e n g th  (Hansson, 1973). A tw o -p o in t 
c a l i b r a t i o n  p ro ced u re  w ith  NBS-approved b u f f e r  s ta n d a rd s  en su red  a b so lu te  
a c c u ra c ie s  o f  th e  o rd e r  o f  +0.005 pH u n i t ,  hhen i t  was r e q u ir e d  to  use  
th e  p r e c i s io n  b u f f e r  s o lu t io n  Types S I500 and S l5 lO , a t t e n t io n  was p a id  
to  th e  f a c t  t h a t  th e  pH changed w ith  te m p e ra tu re . Tem perature c o r r e c t io n s  
a re  g iven  i n  Appendix
E le c tro d e  d r i f t  sometimes occu rs  i j i t h  p o o r ly  b u f fe re d  body f lu i d s  
(W ilson, 1970) and f o r  m ost worms T lth o u t a re s p ira to r^ '’ p igm ent i t  was 
n e c e ssa ry  to  t e s t  s e v e ra l  sam ples i n  su c c e ss io n  b e fo re  a s ta b l e  re a d in g  
was o b ta in e d . ” ..............
The in f lu e n c e  o f  b lo o d  c e l l s  and d is s o lv e d  p ro te in s  a t  th e  l i q u id  
ju n c t io n  boundary  i s  ano’bhcr source  o f  e r r o r  r e s u l t in g  from  b io e l e c t r i c  
p o t e n t i a l  (Maas, 1970). t i f f e r e n c e s  o f  +0.01 pH u n i t  betw een c e l l  and 
c e l l - f r e e  su sp en sio n s  w ere found , depending on h a e m a to c rit v a lu e .
Packed c e l l  volumes w ere th e re fo re  m easured and ex p ressed  as a  p e rc e n t-  
age (rev).
Coelomic f l u i d  and blood w ere sam pled a n a e ro b ic a l ly  a f t e r  r a p id  
d is s e c t io n  under l i g h t  p a r a f f i n  o r d i r e c t l y  i - i th  a m icros^nringe. However, 
i t  was su sp ec ted  t h a t  i n  some c a s e s ,  d i r e c t  sam pling r e s u l t e d  i n  h ig h e r  
pH re a d in g s  when th e  sy r in g e  was o p e ra te d  a g a in s t  a h ig h  in t e r n a l  
h y d ro s ta t ic  p r e s s u r e .  For th e s e ,  and some o f  th e  more e r r a n t  worms, a 
0.3% p ro p y len e  p h e n o x ito l o r  1% MS 222 (Sandoz) s o lu t io n  i n  sea  w a te r 
re la x e d  th e  an im als s u f f i c i e n t l y  to  a id  sam p ling . Use o f th e se  n a rc o t ic s  
d id  n o t appear to  in f lu e n c e  th e  pH o f  i n t e r n a l  f l u i d s (See Table 2 . l J
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Sarrples w ere an a ly se d  im m ediate ly  on rem oval from th e  anim al u s in g  
a c a p i l l a r y  m icro e le c t r o  de (G 29uA) w liich forms p a r t  o f th e  Radiom eter 
BIÎS2 a p p a ra tu s  and th e  pH was re a d  from  th e  Radiom eter PHI'i '/I a n a ly s e r .  
R e p lic a te  m easurem ents w ere made qim ckly i n  su c c e ss io n  a f t e r  c o l le c t io n  
o f  f l u i d  in to  g la s s  c a p i l l a r i e s .  Samples w ere d r aim by  s u c tio n  in to  th e  
m ic ro e le c tro de which re q u ire d  2 5 - ^  sam ples f o r  a  r e l i a b l e  pH re a d in g .
The g la s s ,  re fe re n c e  e le c tro d e s  and l i q u i d  ju n c t io n  w ere h e ld  a t  l5+0,02°C 
u n le s s  otherwd.se s t a t e d .
A se a so n a l su rv ey  o f  body f l u i d  pH was made on a p o p u la tio n  o f  
A ren ico la  m arina a t  '.iT its ta b le  i n  K en t. Norms w ere c o l le c te d  a t  approx­
im a te ly  m onthly i n t e r v a l s  and r e tu rn e d  to  th e  la b o ra to ry  i n  a vacuum f la s k  
and th e  b lo o d  and coelom ic f lu id s  w ere an a ly sed  f o r  pH.
A v a r i e ty  o f worms was c o l le c te d  d u rin g  a p e r io d  o f  2 weeks i n  th e  
sp r in g  from  sh o res  i n  South Devon and kept under la b o ra to ry  se a  w a te r  
c i r c u la t io n  f o r  a few h ou rs a t  15^G b e fo re  pH m easureraents w ere made. 
Packed c e l l  volumes (PCV) w ere e s tim a te d  f o r  th e  coelom ic f l u i d s  u sin g  
a m ic ro -h a e m a to c rit c e n t r i f u g e  (llaw ksley ).
S ince th e  pH s c a le  i s  lo g a r i t lm ic ,  a r i th m e t ic  means w ere c a lc u la te d  
from  th e  a n tilo g a r i t l im s  o f  th e  raw d a ta .  Savnples were compared u s in g  th e  
non -par am etric  W ilcoxon tw o-sam ple t e s t  to  a s s e s s  le v e ls  o f  s ig n i f ic a n c e .
2 .2  D e te c tio n  and q u a n t i f i c a t io n  o f  ca rb o n ic  anhydrase
2 .2 .1  H istochem j.cal methods
C’f  th e  s e v e ra l  q u a l i t a t i v e  methods f o r  d em o n stra tio n  o f  ca rb o n ic  
arfiydrase  a c t i v i t y ,  th e  h is to c h e m ic a l tec îin iq u e  o f  Hans son (196?)
was chosen . However, d u rin g  th e  co u rse  o f  in v e s t ig a t io n ,  liis to ch e m ica l 
methods were shoim to  be n o n -s p e c if ic  - (liu th e r , 1972 ) and w ere th e re fo re  
abandoned i n  fa v o u r o f  a Ic in e tic  approach .
2 .2 .2  Enzyme Ic in e tic s
Tlie p ro ced u re  f o r  d e te rm in in g  q u a n t i ta t iv e  a c t i v i t y  o f carbon ic
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anliydrase i n  th e  h y d ra tio n  r e a c t io n  o f carbon  d io x id e  was ad ap ted  from
I-Iaren ( 196O) u t i l i z i n g  th e  changing pi I p r in c ip le  (h h ilp o t  d  P li i lp o t ,  1936).
A m icro tonom eter form ing p a r t  o f  th e  Radiom eter Bl:,32 ap p a ra tu s  was used 
as  a s c a le d  doim r e a c t io n  v e s s e l  to  g ive  a r e a c t io n  volume o f 80 y l .
During th e  l a t t e r  p a r t  o f  th e  s tu d y , th e  volume was f u r th e r  reduced  to  60 jd 
R eac tan ts  and enzyme source  w ere used  i n  l e s s  th a n  o n e - te n th  th e  
q u a n t i t i e s  d e sc r ib e d  i n  Mar e n ’s m ethod, i lu iû d if ie d  CXD d e l iv e re d  a t  a r a t e  
o f  100 ml min"*  ^ m a in ta in ed  s a tu r a t io n  o f  th e  r e a c ta n t s .  The r e a c t io n  
te m p era tu re  was 15*0+0.02°G.
Stock s o lu tio n s  o f  enzyme w ere p re p a re d  by d is s o lv in g  bov ine  ca rb o n ic  
anhydrase (K och-L ight) o r  d i l u t in g  lugw om  b lo o d  i n  d i s t i l l e d  w a te r u n t i l  
ap p rox im ate ly  5 )DL h a lv ed  th e  tim e n e c e ssa ry  to  com plete th e  u n c a ta ly se d  
r e a c t io n s
COg + HgO ( IlgCO '  W  + HC(; “
and
GOg + Oî-r — — )  ÎIGO^".
2 . 2 .3  ïT ocedure
Once th e  GO flow  had been  s t a b i l i z e d ,  kO ÿü. o f  phenol re d  in d ic a to r  
(1 2 .5  mg I*""*0.00261! ilallGO^) w ere ru n  in to  th e  v ib r a te d  m icro to n o m eter. 
Enzyme s o lu t io n  was added and fo llo w ed  by  i n h i b i to r  when d e s ir e d .  The 
volume was made up im m ediate ly  to  70 ^  w ith  d i s t i l l e d  w a te r .  A b r i e f  
pause  o f 2 -3  min a t  t i i s  s ta g e  o f  th e  p ro ced u re  allow ed th e  enz%rme and 
in h i b i to r  to  come in to  e q u ilib r iu m  w ith  th e  r e s u l t in g  enzsTTie-inhibitor 
com plex. Ten jxL o f  c a rb o n a te -b ic a rb o n a te  b u f f e r  (30 ml 111 Na^GG  ^ and
20 .6  ml 1M NaHGO to  100 ml w ith  d i s t i l l e d  w a te r)  w ere r a p id ly  e x p e lle d  
from  a m icro s irring  e (Shandon) in to  th e  r e a c t io n  v e s s e l  and tim ed from 
th e n . A ru n  was com pleted when th e  in d ic a to r  changed from p in k  to  s traw  
c o lo u r .  UncataJLysed r e a c t io n  tim es w ere deteim iined w ith  t o t a l  in h ib i t i o n  
o f  th e  enzyme by  10 yiL 10 '”'^ H ace tazo lam id e  (K och-L igh t).
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2 .2 .U  I n h ib i t io n
A cetazolam ide (5 -ace tam id o -1 , 3 , 8- t l i ia d ia z o le -2 - sulphonam ide ) was 
chosen f o r  ca rb o n ic  anlr/di'ase i i i l i ib i t io n  because  i t  i s  s ts l ) le ,  s p e c if ic  
and p o te n t  i n  v e ry  low m olar c o n c e n tr a t io n s .  I t  has no o th e r  Icnown 
a c t io n  e i th e r  ^  v i t r o  o r  in  v ivo  (H aren, 1967 ) .  For th e  k in e t ic  p a r t  of 
th e  s tu d y , acetazolaznide was t i t r a t e d  a g a in s t  a f ix e d  c o n c e n tra t io n  o f 
enzyme i n  th e  r e a c t io n  v e s s e l .  C o n cen tra tio n s  o f  enzyae and i n h i b i t o r  
a re  g iven  i n  th e  r e s u l t s .
Complete in h i b i t i o n  o f  A ren ico la  ca rb o n ic  anhydrase i n  whole anirriels 
was acliieved  when 50 yH ace tazo lam id e  (10 i n  sea  w a te r)  were in je c te d  
in to  th e  coelom . The drug  was a lso  added to  th e  sea  w a te r  medium a t  a 
f i n a l  c o n c e n tra tio n  o f  10* " and no enzyme a c t i v i t y  cou ld  be  posthuraously 
d e te c te d .  C o n tro ls  were d iv id e d  in to  two gi’oupsj one w ith  no tre a tm e n t,  
and th e  o th e r  x jith  50-yiL in tra c o e lo m ic  i n j e c t i o n s  o f  s t e r i l i z e d  se a  w a te r,
2 ,3  Opcygen-combining c a p a c ity  and oxygen e q u ilib r iu ra
Sampling sm all b lo o d  volumes f o r  o:.ygcn c o n te n t an a ly se s  i-Tithout
s a c r i f i c in g  th e  accu racy  and p r e c i s io n  o f  th e  t r a d i t i o n a l  methods i s  a
m ajor te c h n ic a l  d i f f i c u l t y .  P o ly ch ae tes  o f te n  y ie ld  meagre q u a n t i t i e s
o f  f l u i d  malving i t  n e c e ssa ry  to  p o o l o r  d i l u t e  sam ples. Tlie ch o ice  o f
method f o r  stud^/ing ox^pgen r e l a t i o n s  i n  body f lu i d s  depends on th e  Icind
o f  in fo rm a tio n  r e q u ir e d .
From an e c o lo g ic a l p o in t  o f  v iew , i t  i s  b e t t e r  to  s tu d y  ox^rgen
r e l a t i o n s  i n  w hole b lo o d  r a th e r  th an  i n  d i l u t e  s o lu t io n .  T l is  approach
has been  ta k e n  f o r  s e v e ra l  in v e r te b r a te s  by  h b lv ek a ip  1  Vreede ( l9 L l) ,
a,b
Ni es e l  & Tliews ( l 9 6 l ) ,  Toulmond (1970 a) and Weber (1970, 1971^ 1973).
The d is c re p a n c ie s  a r i s in g  from d i l u t io n  w ere f i r s t  d isc u sse d  in  d e t a i l  
by  H i l l  6: Wolvekairp (1936) and l a t e r  by  './olvekamp ( 1961 ) .  These have n o t 
been  f u l l y  ex p la in ed  a lth o u g h  a number o f  causes i s  l i k e i r ;  su b u n it 
in t e r a c t io n  and o rg a n ic  p hosphate  c o n c e n tra t io n  are  p ro b ab ly  th e  most
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im p o r ta n t. D iffe re n c e s  i n  o:q'gen e q u ilib r iu m  betw een haem oglobin i n  th e  
c e l l  and i n  s o lu t io n  have been  n o te d  by Forbes 6  Houghton (1931),
R adford  e t  a l . ( l 9 6 7 ) j  and F o rs te r  (19y2 ) .
The m anom etric method (,Van Glyke & N e i l l ,  192U) rem ains th e  u n iv e rs a l  
s ta n d a rd  f o r  a c c u ra te  oxrgen  c o n te n t d e te rm in a tio n . I t  g iv es  d i r e c t  and 
unambiguous in fo rm a tio n  conce rn in g  th e  amount o f oxygen i n  com bination  
w ith  a r e s p i r a to r y  p ig m en t. However, th e  need fo r  r e l a t i v e l y  la rg e  
volum es o f b lo o d  (0 .5  m l) re n d e rs  i t  i r p r a c t i c a l  f o r  many s p e c ie s .
S p ec tro p h o to m etrie  methods assume obeyance o f  th e  Bouger-Beer 
r e l a t i o n s h ip .  Tliis assum ption  has been  j u s t i f i e d  f o r  v e ry  d i l u t e  s o lu tio n s
o f  r e s p i r a to r y  p ro te in s  i n  th e  v i s i b l e  re g io n  o f  th e  e lec tro m ag n e tic
spec trum . L ig h t s c a t t e r in g  from c e l l  su sp en sio n s  may once have been  a
sou rce  o f  e r r o r  b u t  modern in s tru m e n ts  do n o t s u f f e r  t h i s  e f f e c t .  The
e q u ilib r iu m  d a ta  a re  u s u a lly  p re s e n te d  as  a s a tu r a t io n  f r a c t io n  r a th e r  
th a n  i n  volumes o f  combined oxygen as i n  th e  d i r e c t  approach . High 
s e n s i t i v i t y ,  accu racy , and speed  have p o p u la r is e d  t h i s  te ch n iq u e  over 
th e  p a s t  25 y e a rs  (Benesch e t  a l . ,  1965)
E vacuation  p ro ced u re s  used  to  p re p a re  th e  deo jygenated  form o f  th e  
p igm ent may le a d  to  r a p id  d é n a tu ra t io n ,  ih ir th e r  problem s w ith  th e  s p e c tro -  
pho tome t r i e  method may a i i s e  when th e  p re sen ce  o f  haem compounds o th e r  
th a n  oxy- o r  deoxr- a re  a n t ic ip a te d .  S ev era l p o ly c h a e te s  a re  known to  
c o n ta in  such compounds (P a te l  d  Spencer, 1963 s.; D ales, 196U, 1 9 t5 ) .
I t  i s  su sp e c ted  t h a t  me thaemo g lo b in  does n o t form n a tu r a l ly  as l i t h  
v e r te b r a te s  and a re d u c ta s e  system  has y e t  to  be dem o n stra ted . However, 
m ethaem oglobin was found in  i r e s l i ly  c o l le c te d  C a p ite l l a  b lo o d , and 
m e tc h lo ro c ru o rin  i n  M e r c ie r e l la . S ev era l p o ly c h a e te  haem oglobins may 
form  m ethaem oglobins a f t e r  s to ra g e  and d u rin g  p u r i f i c a t i o n .
An ap p a ra tu s  was r e c e n t ly  d e sc r ib e d  by  S ick  6  G ersonde(l 969) fo r  
co n tin u o u s m easurement o f oxygen e q u ilib r iu m  ciurves. The measiuring 
p r in c ip le  i s  b ased  on th e  o p e ra tio n  o f  a d i f fu s io n  chamber th rough  which
^k
gas comes in to  r a p id  e q u ilib r iu m  m t h  a th in  la y e r  o f  whole b lo o d .
Changes i n  l i g h t  a b so rp tio n  a re  m on ito red  as a fu inction  o f  pG .
F u ll  s a tu r a t io n  o f  a p igm ent i s  d i f f i c u l t  to  e s tim a te  because  o f th e  
asym pto tic  n a tu re  o f  th e  equ ilib rium , d a ta .  The p i 00 p o in t  has been  
a c c u ra te ly  de term ined  by var%/ing th e  o:w/gen c o n te n t o f a r e d - c e l l  suspension  
and m easuring th e  r e s u l t a n t  pC d ec re ase  caused  by  a  h e a r t  m uscle 
p re p a ra t io n  (Colman & Lon^yiuir, 1963; Longmuir, 196a ) .  A r a p id  e le c tro d e  
resp o n se  and low c r i t i c a l  p(Y^  a re  req u ire m en ts  o f  th e  method and i t  i s  
n o t s u i te d  f o r  u se  w ith  haem oglobin s o lu t io n s .
Tlie u ltram icrom ethod  d e sc r ib e d  i n  t h i s  th e s i s  was developed to  
overcome some o f th e  l im i t a t i o n s  o f  th e  c o n t e m p o r a i g r  te c h n iq u e s .
2.3*1 P r in c ip le
Ox7/gen  bound by  haem oglobin may be r e le a s e d  in to  p h y s ic a l s o lu t io n  
i f  a b lo o d  sample i s  d i lu te d  w ith  a la rg e  volume o f  f e r r ic y a n id e  s o lu t io n .  
The in c re a s e d  oxygen te n s io n  r e s u l t i n g  from  th e  d is s o c ia t io n  o f  oxygen 
from  oxqdiaemoglobin may be m easured w ith  an o:(ygen e le c t r o d e .  The oxygen 
c o n te n t o f  th e  sairqple may th e n  be c a lc u la te d  from  th e  pO^ in c re a s e  and
f
th e  s o l u b i l i t y  c o e f f i c i e n t  o f  oxygen i n  s o lu t io n .  The mi (^m ethod d e sc r ib e d
i n  t h i s  th e s i s  was b a se d  on th e  e a r l i e r  method o f  a n a ly s is  o f
sairp les o f  mammalian b lo o d  d e sc r ib e d  by  Laver e t  ( l9 b 5 ) .  I  have
an a ly sed  sam ples doim to  O.o u l  o f  low er oxygen-com bining c a p a c ity
See %2.*3 w
C onsequently , I  was ab le  toi-jithou t s a c r i f i c in g  accu racy  o r p r e c i s io n ,  
c o n s tru c t  oxygen e q u ilib r iu m  cu rv es  from  10-50  y l  sariiples o f w hole, 
u n d ilu te d  b lo o d ,
2.3*2 A pparatus
The R adiom eter B lood Micro System s e r i e s  2 (BM32) was desig n ed  f o r  
m easurements on yul volumes o f  whole b lo o d  under an ae ro b ic  c o n d itio n s  to  
p re v e n t th e  g a in  o r  lo s s  o f  gas (S everinghaus, 196/).) and was th e re fo re  
s u i te d  f o r  use  i& th  b lo o d  from  sm all an im a ls .
A d i r e c t  re a d in g  £0^ m ic ro e le c tro d e  (Radiom eter E5oU6) was housed i n  
a  w a te r ja c k e t  and equipped w ith  an ad ap to r to  f i t  a lu e r  s^nringe. Tne
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e le c tro d e  r e q u ir e d  a t  l e a s t  70 y l  fo r  an oxygen measurement and 
because  o f th e  l o r  cathode c u r r e n t  (10*’ *'*A inn Ilg” ^) i t  was n o t n e c e ssa ry  
to  s t i r  th e  sam ple.
Blood sam ples o f up to  50 ^tl w ere e q u i l ib r a te d  a t  v a r io u s  s i n  
one o r  more o f  th e  h m icro tonom eters w hich form p a r t  o f th e  Radiom eter 
BIIS2 a];3p s r a tu s .
Gases from c y l in d e r s  o f o x y g en -free  n i t ro g e n  and 1/- o iygen  i n  
n i t ro g e n  were mixed i n  a Gallenlian-p gas m ix er. For h ig h e r  s ,  
m ix tu re s  o f 20% o r 100% o :ygen  w ith  n i t ro g e n  were u se d . A co n tin u o u s 
flow  o f h u m id if ie d  gas was p a sse d  tlirough th e  tonom eters and r e le a s e d  to  
th e  atm osphere o r  checked f o r  jgO^. L u te r i n  th e  s tu d y , th e  gas m ixer was 
re p la c e d  v d th  a 3-way s^^stem in c o rp o ra tin g  3 flowmerters ( h e te r a te ,  
iAigland) and allow ed  CO to  be b len d ed  i n .
A 1 cm^ g la s s  tu b e rc u l in  sy r in g e  (Chance o r S u m iit, hngland) clarmied 
i n  a r i g i d  fram e was c a l ib r a t e d  to  d e l iv e r  a c o n s ta n t volume (F ig .2-1) .
A sm all g la s s  bead  o f  Imown volume in s e r t e d  in to  th e  b a r r e l  en su red  
com plete m ixing o f  th e  c o n te n ts .  B lood was subsajnpled from th e  tonom eter 
i n  1-5 ^  + 0.5% g rad u a ted  m ic ro p ip e t te s  (Yanlcee, U .F .A .). A diagram  o f 
th e  f u n c t io n a l  p a r t s  o f  th e  ap p ara tu s  i s  g iven  i n  i*ig.l*2 .
2 .3*3 Reagent
A d i lu te  f e r r ic y a n id e  s o lu t io n  ( l 2 mmol 1 "* K Fe(Ch)^) was f r e s l i ly  
p re p a re d  and s to re d  f o r  n o t more th an  a few days a t  room te m p era tu re  in  
a dark  g la s s  b o t t l e .
2.3*U P rocedure
/h e n  th e  B1ÎS2 a p p a ra tu s  had been a d ju s te d  to  th e  re q u ire d  worlcing 
tem p era tu re  (+0 . 02°C ), th e  pC e le c tro d e  was ze ro ed  w ith  o x y gen -free  
n i t ro g e n  o r  Na^SO^ ( l mol 1” "* 0 .02  mol l""^na^B^Oy.10  h^C) and c a l ib r a te d  
w ith  a i r - e q u i l i b r a te d  f e r r ic y a n id e  s o lu t io n  a t  th e  sam e-tem pera tu re .
A f r e s h ly  talcen sample o f  b lo o d  was p la c e d  in  th e  tonom eter and 
a g i ta te d  f o r  a t  l e a s t  15 min to  ensu re  e q u i l ib r a t io n .  A sample o f 
f e r r ic y a n id e  s o lu t io n  was ta k e n  in to  th e  g la s s  sxuringe, capped, and
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F ig u re  2 .1 .  F ic tu re  o f  th e  g la s s  syi-ingie and c lan p  d e s ig n e d  to
d e l iv e r  a co n s t m it volume. A semple o f  b lo o d  i s  sViown 
b e in g  in tro d u c e d  from a g rad u a ted  m ic ro p ip e t te .
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F ig u re  2 .2 .  Diagram o f  th e  fx m c tio n a l p a r t s  o f  th e  a p p a ra tu s  u sed  
' i n  th e  d e te rm in a tio n  o f  oxygen c o n te n t a n a ly s is  and 
. • e q u ilib r iu m  s tu d i  e s .
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( i)  The e lec tro d e  i s  c a l ib ra te d  and, the  gas m ixture i s  checked 
fo r  pOg.
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SYRINGE ANALYSER
( i i )  The blood i s  e q u ilib ra te d  w ith  the  gas and a sample i s  
in troduced  in to  th e  s^rringe.
É : i
( i i i )  Oxygen i s  re le a se d  from combination w ith  the  pigment and the  
con ten ts of the  syringe are analysed fo r  £0^.
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Every po in t oa m . equilibrium  curve rep resen ts a  tluplicat© detcjrridnatioa 
o f o2ygoD.cos±lzdrig e d a c i ty  a t  the  ggpllcable gas ten sio n , ü ia  tuo 
monsnrcmtnts cor^Tioin^ each p o in t were id en tlo a l in  a l l  tim po in ts have
boon p lo tted  and therefore had no standard deviation  (as iu  %lg.2#3)# sero 
standard deviation  ind icated  the big^i p rec ision  o f the mottîod* Hie accuracy of 
tiie siethcd was establiohed w ith A m deola  blood (Section 5*3) fo r  wld.ch many 
oq id llb rina  c u n ^ s  hove been p ifilishad  (See Appendix 1 ) . Since the equilibrium  data  
was calcu lated  as % gatisratioa (see Section 2*3*5) tho accuracy and p rec ision  o f 
the  ciTvee i s  a  function of the dcc ti'oda  chsi’ao texdstlcs alone (see Section 
2 .3*6).
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re tu rn e d  to  one o f  th e  BIÎS2 |) o r t s .  'Ihe s^/ringe nas clamped i n  an
in v e r te d  p o s i t io n  and a 1-^  y il sample o f  b lo o d  was t r a n s f e r r e d  from  th e
tonom eter to  th e  s y r in g e  and e je c te d  onto th e  p lu n g e r iD .thout th e
adm ission  o f  a i r  b u b b le s . 'Ihe sy r in g e  was capped and shalcen v ig o ro u s ly
f o r  10 sec and p la c e d  in  th e  BIi32 w a te r b a th .  At t h i s  p o in t ,  i f  a
c e l l u l a r  pigm ent i s  u sed , a b r i e f  im m ersion i n  a K erry  K3100 b a th
u l t r a s o n ic a l ly  d is r u p ts  th e  c e l l s  and o b v ia te s  th e  need f o r  sap o n in  o r
o th e r  e m u ls i f ie r s .
A fte r  2 min th e  b l  o o d- f  e r r  ic y  an i de m ix tu re  was an a ly sed  f o r  pO_ and
th e  r e s u l t  n o te d . Hie t r a n s f e r  o f b lo o d  from tonom eter to  sy r in g e  was
com pleted  as quic lcly  as p o s s ib le  and, >71 th  p r a c t ic e  co u ld  be done i n
l 5“ 20 s e c , one whole d e te rm in a tio n  ta lcing  about ^ m in.
^ See opp.
2 .3*5  C a lc u la t io n s '
The oxygen c o n te n t o f  a b lo o d  sample i n  volsK  was c a lc u la te d  from  
th e  fo llo w in g  fo rm ula  d e r iv e d  from th e  Gas Law s:- . . .
-T
•H.O V
r
Co. = 5^ 5 2: ;  X -  0 . 2 0 ? 3 ( y ^  -
'2 m
where
C = oxygen c o n te n t i n  v o ls^
2
Q = Bunsen a b so rp tio n  c o e f f i c i e n t  o f  oxygen i n  w a te r a t  T°G
V = volume i n  ^  o f  f e r r i c y a n ide i n  sy r in g e
V  = volume i n  y il o f  b lo o d  i n  s irringe
pG« = p a r t i a l  p re s s u re  o f  0^ i n  mm Ilg o f  b io  o d -f e r r  ic y  a n i de
fehb  ^
m ix tu re
^bar ~ b a ro m e tric  p re s s u re  i n  mm Kg
IJ7P = w a te r  vapour p re s s u re  i n  mm Kg a t  T°G.
At 15°G th e  ox^rgen-comliining c a p a c ity  o f  a sample o f  An e n ic o la  b lood  
was c a lc u la te d  as fo l lo w s :-
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Gq = X y. 100 j j 92 -  0 .2 0 9 3  (766 . 6- 12 . 8 ) J
= 8 ,5  v o l s ^ #
2.3*6  P o s s ib le  so u rces  o f  e r r o r
The f e r r ic y a n id e  method i s  b a sed  on th e  assum ption  th a t  th e  Bunsen 
oxygen s o l u b i l i t y  c o e f f i c i e n t  o f  th e  d i l u t e  f e r r ic y a n id e  s o lu t io n  x*jith 
o r  XD.thout th e  added b lo o d  sam ple, i s  eq u a l to  th e  o:<ygen s o l u b i l i t y  
c o e f f i c i e n t  o f  w a te r . Evidence to  v a l id a te  t h i s  assum ption  was p re s e n te d  
by  Laver ^  a l .  (1965) and th e  e r r o r  i s  l e s s  th a n  0,05d* Bunsen 
c o e f f i c ie n t s  o f  oxygen w ere ta lien  from  VJeiss ( l 970 ) and a re  g iven  in  
Appendix 3 .
The p r e c i s io n  o f  th e  method was de term ined  w ith  a sample o f  /v ren ico la 
b lo o d  showing th e  change i n  p ro p o r t io n a l  to  th e  volume o f  b lo o d  added 
to  th e  f e r r ic y a n id e  (ITlgtl* ) *
The c h a r a c t e r i s t i c s  o f  th e  E50 I4.6 e le c tro d e  a re  such t h a t  d r i f t  i s  
n e g l ig ib le  i f  th e  e le c tro d e  span i s  c a l ib r a t e d  im m ediate ly  b e fo re  every  
m easurem ent. E rro r  i n  th e  m easurement o f  i n  th e  f e r r ic y a n id e  s o lu t io n  
and th e  b io  o d -f  e r r  i c y  an i de m ix tu re  i s  e s s e n t i a l l y  a c o n s ta n t  p e rc e n ta g e  
and th u s  c a n c e ls  o u t i n  s u b tr a c t io n .  I f  th e  an cu racy  o f  pC^ m easurem ent 
i s  +1 mm Kg, a  maximum s ta n d a rd  d e v ia t io n  o f  0 .2  volsX r e s u l t s .  In  
p r a c t i c e ,  th e  d e v ia tio n d  were l e s s .
2.U  S pectropho tom etry
R e sp ira to ry  p igm ents w ere c h a ra c te r iz e d  by m easuring  a b so rp tio n
maxima w ith  Kuicam Sl-KOO, Beclonan üB-G, and Beclman DK-2 scanning
sp e c tro p h o to m e te rs . I t  has been  a s s e r te d  t h a t  no sp ec tro p h o to m e trie
m easurement shou ld  b e  c o n s id e re d  r e l i a b l e  u n le s s  th e  in s tru m e n t has
been  checked w ith  s u i ta b le  s ta n d a rd s  (Rand, 1969)* An a c id  s o lu t io n  o f
of
p o tassium  d ichrom ate c o n s is t in g ^50  mg %2 ^^2^7 ^ O.OIK has
an absorbance o f  0 .7 2 5  a t  257 nm and 0 . 535+0 .0 0 5  a t  350 nm (I 'lartinek  e t
a l . ,1 9 7 2 ) .  This s o lu t io n  and a s im ila r  one c o n ta in in g  100 mg K^Or^O^ 1-1 
w ere th e  s ta n d a rd s  used  to  c a l i b r a t e  th e  in s tru m e n ts .
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F ig u re  2*3« R e la t io n  betw een th e  volume o f  b lo o d  in ^ jec tea  in to  305 jà .
f e r r ic y a n id e  s o lu t io n  and th e  change i n  th e  pO^ i n  th e  
s ^ T r i n g e .  p io - i f e r  d e ta i l?  1
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2 .5  E stim ation  o f b lood  voliïïnes 
2.5*1 P r in c ip le
The VOlime o f a pigm ented f l u i d  may be found from th e  a p p l ic a t io n  o f 
a sp ec tro p h o to m e tric  te ch n iq u e  (Chapman, 1fC ?) .  The absorbance o f  an 
uncontam inated  sample o f  f r e s h  b lood  o f  knoim volume i s  de term ined  a t  a 
Inioim d i lu t io n .  An e x t r a c t  o f  th e  b lo o d  from  th e  r e s t  o f  th e  anim al 
may be m atched up by d i lu t io n  to  g ive  a s im i la r  absorbance a t  a co n v en ien t 
w aveleng th  and th e  t o t a l  volume o f  b lood  can  be c a lc u la te d .
2.5*2 Proc edure
A ren ico la  m arina  were a n a e s th e tis e d  w ith  0 .3 5  p ro p y len e  p h e n o x ito l 
i n  s e a  w a te r , b lo t t e d ,  and th e  t o t a l  volume o f  th e  anim al m easured by 
w a te r d isp la cem e n t. Blood was sam pled c i i r e c t ly  from  th e  d o rs a l  v e s s e l  
I 'lith  a  20 j l  g la s s  m ic ro p ip e t te  (î'Jrur.imond) a f t e r  th e  coelom ic f l u i d  had 
been  removed. The 20 y l  were d i lu te d  m t h  h ml phosphate  b u f f e r  pH 7*U 
(I 'Ic Ilv a in e) .  Hie r e s t  o f  th e  anim al was ground w ith  p e s t le  and m o rta r to  
re le a se , b lo o d  from th e  t i s s u e s .  An equal volume o f  b u f f e r  en su red  no 
extrem e changes i n  th e  pll w hich m ight have dena.tured th e  p igm en t. 'The 
p re p a ra t io n  was sp in  a t  30 ,000  g a t  5°C f o r  20 min in  an l-I.O.n. model 25 
liig li-speed  c e n t r i f u g e .
The c l e a r  su p e rn a ta n t was m atched up m t h  th e  sample- a t  U1I4. nm. The 
t o t a l  volume o f  b lo o d  from  th e  worm was c a lc u la te d  from th e  volume o f  
b u f f e r  r e q u ire d  f o r  m atching  th e  s ta n d a rd .
2 . 5 .3  C a lc u la tio n
Volume o f worm = 5 .20 i l
volume o f  p u re  b lo o d  = 10 yfL
m atched volume = 212 ml
th u s  t o t a l  b lo o d  volume = (212 x 0.01 ) /5  -  0.01
= 0.52 ml.
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2 .6  Haemoglobin d é te rm in a tio n  from c^ /am e th ae n o rlo b in
2 ,6 ,1  P r in c ip le
A Icnoira volume o f  b lood  was d i lu te d  id .th  a c y a n !d e -fe r r ic y a n id e  
s o lu t io n  and haem oglobin c o n c e n tra t io n  was e s tim a te d  from th e  o p t i c a l  
d e n s ity  o f  th e  s o lu t io n  a t  5hO nm h j  com parison w ith  cyanm ethaem oglobin 
s ta n d a rd s .
2 .6 2 . Reagents
A m od ified  D ra b k in 's  s o lu t io n  was p re p a re d  from O.G^g kON and 0 .20g  
KgFe(CN)^ d is so lv e d  i n  11 d i s t i l l e d  w a te r and i s  s ta b le  a t  room tem p era tu re  
i n  a dark  g la s s  b o t t l e  fo r  s e v e ra l  d ay s . 1 re c a u tio n s  were ta k e n  when 
h an d lin g  po tassium  c y an id e .
. D ilu te d  cyanm ethaem oglobin s ta n d a rd s  were p re p a re d  from a  1 i n  201 
d i l u t io n  o f  Diagen (D iag n o stic  .'.eagents) e q u iv a le n t to  l8g  haem oglobin 
p e r  '100 ml b lo o d .
2 .6 .3  C a lib ra tio n
Absorbancy s c a le s  v a ry  up to  2Of betw een d i f f e r e n t  sp ec tro p h o to m ete rs  
(Rand, 1969) and i t  i s  th u s  n e c e ssa ry  to  c o n s tru c t  a c a l i b r a t i o n  graph 
to  r e l a t e  th e  absorbance re a d in g  to  th e  amount o f th e  s ih s ta n c e  w hich i s  
to  be m easured . A bsorbance wan p lo t t e d  a g a in s t  haem oglobin c o n c e n tra t io n  
from s e r i a l  d i lu t io n s  o f  th e  c%nnmethaemo glob i n  s ta n d a rd  ( J ig .  5 ) .
2 .6 .5  Procedure
0 .02  ml b lo o d  was added to  5 ml Ih-ablcin 's s o lu t io n ,  s to p p e re d , 
shalien, and l e f t  to  s ta n d  a t  room te m p era tu re  fo r  20 liiin. The absorbance 
was th e n  m easured w ith  a Beclmian DB-G sp ec tro p h o to m ete r a t  550 nm and 
th e  haem oglobin c o n c e n tra tio n  e s tim a te d  from th e  c a l ib r a t io n  graph o r 
c a lc u la te d  from : -
C.J = Cg X A^/Ag
where c .  and A. a re  c o n c e n tra tio n  and absorbance o f  th e  unlnown sam ple, 1 1
. - - I
and Co and iu th e  c o n c e n tra t io n  and absorbance o f th e  cyanm ethaemoglobin *
Is ta n d a rd . i
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Figure 2*U* C alibration graph fo r  the e s tim a t io n  o f  haemoglobin 
concentration from cyanmethaemoglobin absorbance.
: "^^ Gry p o in t represents one spectrophotom etric measurement from one sample from each 
o f  the s e r ia l ly  d ilu ted  Diagen standard so lu tio n s  (see  p25)#
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2.7 AericJ- reopirometry
Leasiorerients o f  oio/gen connirnption r a t e s  in  m oist s i r  ’-rere made 
u s in g  c o n s ta n t p re s s u re  rc s p iro m e te rs  (üa.v ies, 1966) p la c e d  i n  a w ate r 
b a th  (+0.2°C) u s in g  worms which had been  a c c lim a ted  i n  sha llow  tanlcs of 
a e ra te d  sea  i^a te r a t  lU°C f o r  10 d ay s . The w e ll  was f i l l e d  w ith  2Of. L(dl 
and a cone o f  IJhatman Uo.Ii-2 ( s ta r c h - f r e e )  f i l t e r  p aper in s e r t e d  to  
ensu re  com plete and r a p id  rem oval o f GC,^ .
One e:cperim ent was perform e-i i n  w hich a COp b u f f e r  was s u b s t i tu t e d  
f o r  KOH to  m a in ta in  a c o n s ta n t p ro p o r tio n  o f  C0_ i n  th e  re s p iro m e te r  
ch an b e rs . Tlie b u f f e r  used  (60 v o ls  li-i KHCO^: 20 v o ls  311 K^GG^) p ro v id e d
3
a 2.5f> CO g atm osphere a t  20 C,
GO g exchange was a c c e le ra te d  w ith  Img b o v in e  ca rb o n ic  anhydrase 
(K och-L ight) ml ^ b u ffe r ,  as recommended f o r  u se  i n  m anom etric v e s s e ls  by 
Burk (1961 ) .  Because o f  th e  long  é q u i l ib r a t io n  tim es re q u ire d ,  th e  
re s p iro m e te rs  were assem bled i n  a 2.5% GO^  atmosphere i n  a p o ly th en e  
g lo v e -b ag . Readings were ta k e n  a t  3 or h i n t e r v a l s  every hour and c o n tin u ed  
f o r  up to  lOh. To s im u la te  th e  n a tu ra l, c o n d it io n , th e  re s p iro m e te rs  were 
k e p t i n  dark n ess  f o r  th e  d u ra tio n  o f  the ex p e rim en ts . ..e t w e ig h ts  were 
u sed .
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3 . KïBRCGEN ION ACTIVITY IN NOLYCNAiLTE BODY rlUIBS
3.1 A b stra c t.
1. Body f lu id s  from a n a tu ra l  p o p u la tio n  o f A ren ico la  marina 
f lu c tu a te d  between pH 7.15 (70 .8  nmol 1*”^) and 7 .5 l (3 0 .9  nmol l " ^ j  
throughout th e  y ear and had no apparent c o r re la t io n  vrith tem perature 
which ranged from 5 to  l5 °0 .
2 . tydrogen io n  a c t iv i ty  ranged between pH 7.79 ( l6 .2  nmol l " ^ )  
and 7 . hi (38.9 nmol 1  ^ ) in  th e  b lood , and 7.66 (21.9 nmol l " ^ )  to  
7*19 (6U.6 niiiol 1"^) in  th e  coelomic f lu i d  o f ilren ic o la  during 6 weeks 
o f f a s t in g .
3 . THfenty-five po lychaete  sp ec ies  v a r ie d  in  body f lu i d  pH from 
6 .8h  (lU5 nmol 1“**^ ) to  7.UU (36 nraol l" ^ )  in  f r e s h ,  an ae ro b ic a lly  
handled samples a t  l5 °0 .
h. Coelome f lu i d  packed c e l l  volumes ranged from le s s  than  1 p e r 
c en t to  78 p er c en t in  d i f f e r e n t  s p e c ie s .
3.2 In tro d u c tio n .
The am plitude o f v a r ia t io n  in  body f lu id  pH th a t  m ight occur in  
in v e r te b ra te s  i s  n o t w e ll known and even le s s  i s  known about th e  causes 
o f such v a r ia t io n s  o r the  p o te n t ia l  re g u la tin g  mechanisms wliich m ight 
damp th e  e f fe c ts  o f f lu c tu a tin g  hydrogen io n  a c t iv i ty .  Hangum (1970) 
has drawn a t te n tio n  to  th e  la ck  o f in fo rm atio n  concerning pH values fo r  
b lood and coelomic f l u i d  in  in v e r te b ra te s .  The problem of pH v a r ia t io n  
was p a r t ly  re so lv ed  by a t r i p a r t i t e  ap iroach  posing th e  fo llow ing  
q u es tio n s :
( i )  1,'Jhat v a r ia t io n s  in  body f lu id  pH occur a t  a given time? Vihen an 
animal possesses a w ell-developed  v a sc u la r  system , d iffe re n c e s  in  
a f fe re n t  and e f f e r e n t  blood pH must be presumed. In  coelomic f lu id s
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w ith  o r w ithou t a r e s p ir a to ry  pigment th e re  e x is ts  th e  p o s s ib i l i ty  of 
pH g ra d ie n ts  as suggested  by C lark (l96h)« There i s  a lso  th e  p o s s ib i l i ty  
o f r e s p ira to ry  g ra d ie n ts  in  marine in v e r te b ra te s  based  on th e  
d is t r ib u t io n  of su cc in ic  dehydrogenase (Krislmaswamy ^  1967).
( i i )  VJhat agencies promote o r re g u la te  hydrogen io n  a c t iv i ty  
x-jitliin a po p u la tio n  and what p o te n t ia l  i s  th e re  fo r  re g u la tio n ?  fo r  
example, seasonal changes accompanied by gamete p ro d u c tio n , tem perature  
change o r f a s t in g  should  be considered  along w ith  the  p o s s ib le  e f f e c ts  
o f anoxia on body f l u i d  pII, The e f f e c ts  o f e x te rn a l changes in  pK on 
th e  in te rn a l  s ta te  are  n o t known. However, Anoureux ( l9 6 l)  no ted  a T a l l ­
in  th e  pE o f i n t e r s t i t i a l  w ater from pH G.h to  7 .3  over the  i n t e r t i d a l  
p e rio d  in  an e s tu a ry  r ic h  in  polychaetes*  The pH of th e  blackened la y e r  
of sedim ent a t  Whits ta b le  was s ig n if ie  a n tly  lower (pH 6 .6 -6 .9 )  than  
th a t  a t  th e  su rface  (F erk in s, 1957). These r e s u l t s  are d i f f i c u l t  to  
a sse ss  in  r e la t io n  to  p o ss ib le  changes in  boch/ f lu i d  pH w ithou t IcnoiTing 
th e  gas o r io n ic  sp ec ie s  which caused the  observed f a l l .  Am accum ulation 
o f COg in  th e  near environment may have p h y s io lo g ic a l s ig n ifie a n g e  a t  
th e  s i t e s  o f oxygen uptal:e where th e re  i s  a fu n c tio n a l Eohr s h i f t .
Any gain  o r lo s s  o f hydrogen ions maj^  be d i f f i c u l t  to  observe when
s
t h e i r  co n cen tra tio n  i s  m^ced by th e  b u ffe r  ac tio n s  of p ro te in s  and th e  
carbo n ate -b ica rb o n a te  system .
( i i i )  Are th e re  r e a l  in te r s p e c i f ic  d if fe re n c e s  in  pH?
Tliese questions and some o f th e i r  im p lic a tio n s  have been examined 
in  th i s  s e c tio n . The f i r s t  two c a te g o rie s  may be conven ien tly  
d iscussed  w ith  re fe re n c e  to  A ren ico la  m arina (L .) , an in v e r te b ra te  
chosen as a model to  dem onstrate some o f th e  p o s s ib i l i t i e s  o u tlin e d  
above. The l a s t  q u estio n  was p a r t ly  re so lv ed  by measurement o f body 
f lu i d  pH of d i f f e r e n t  sp ec ies  under comparable c o n d itio n s .
R e liab le  va lues fo r  pH va lues o f body f lu id s  have been quoted by
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Mangum & Sliick (1972) f o r  a number o f  m arine in v e r t e b r a t e s .  O ther 
v a lu e s  s c a t t e r e d  tliroughou t th e  l i t e r a t u r e  do n o t m eet Kangum d  S h ic k 's  
c r i t e r i a  f o r  a c c u ra te  m easurem ent in  r e s p i r a t o r y  f l u i d s , nam ely: 
a c c u ra te  te m p era tu re  re g u ] .a tio n  to  w ith in  0 .1°C , an ae ro b ic  a l l y  hand led  
sam ples, an open l i q u i d  ju n c t io n  betw een re fe re n c e  and g la s s  e le c t r o d e s ,  
and th e  te m p era tu re  o f  m easurem ent th e  same as nri v iv o . The l a s t  
c r i t e r i o n  m i t ig a te s  a ttem p ts  to  m easure pll a t  one te m p era tu re  and 
c a lc u la te  i t s  v a lu e  a t  an o th e r because  te m p era tu re  c o e f f i c i e n t s  o f  
b io lo g ic a l  f lu id s  v a ry  c o n s id e ra b ly .
The l i m i t s  o f  b lo o d  pH m ust be  knoT<-m i n  o rd e r  to  e v a lu a te  th e  im p o rt­
ance o f  th e  Bolir s h i f t  in  th e  fu n c tio n in g  o f  r e s p i r a to r y  p ig m en ts . The 
Bohr e f f e c t  has been  s tu d ie d  many tim es i n  i \ re n ic o la  and f a i l i n g  
r e l i a b l e  m easurem ents o f  b lo o d  pH w hich may be assumed to  p r e v a i l  i n  a 
l i v in g  an im al, A ren ico la  i s  quo ted  as having  no Bohr e f f e c t  a t  pH 5 .U -6 .8  
(P ro sse r  1  Broim, 1961), a s l i g h t  e f f e c t  a t  pH 7 .6 -7 .9  (A llen  & Hyman, 
1952 ) and pCOg 0-120 mm Hg (U'olvekarnp & V reede, 19UI) and a more marked 
e f f e c t  a t  pH 7 ,1 -7 .5  (Toilraond, 1970q).
M easurements o f  pH fo llo w in g  some o f  th e  su g g e s tio n s  o u t l in e d  above 
sho u ld  th e re fo re  form  a b a s is  f o r  b e t t e r  i n t e r p r e t a t i o n  o f  th e  fu n c tio n  
o f  r e s p i r a t o r y  i l u i d s .
3 .3  R e s u lts .
A se a so n a l su rv ey  o f  i\re n ic o la  showed no se a so n a l t r e n d  w hich m ight 
be accoun ted  f o r  by  te m p era tu re  alone (T ig .3 .1 ) .
There was no s ig n i f i c a n t  d if f e re n c e  i n  th e  pH o f  th e  coelom ic f l u i d  
s a n p le s  tak en  a t  su c c e s s iv e  p o in ts  along  th e  body o f  A re n ic o la  (P > 0 .5 )^  
in d ic a t in g  th a t  a  pH g ra d ie n t  does n o t e x i s t  in  th e  coelom ic f l u i d  o f  
t h i s  an im al.
The e f f e c t  o f  s ta r v a t io n  on th e  pH o f  th e  body I lu id s  i n  a 
la b o ra to ry  p o p u la tio n  o f  A ren ico la  i s  shoim in  i l g . 3 . 2 .  i l l  i n i t i a l  r i s e
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F ig u re  3*1* The pH o f  th e  b lo o d  ( ■ — ■ ) and coelom ic f l u i d
(□  —  □ ) ,  a t  m ontlily  i n t e r v a l s ,  from a p o p u la tio n
o f  A.m arin a  found a t  ’. i i i i t s t a b le .  Mud te m p e ra tu re s  a/ c^ efi^
a t  th e  tim e o f  c o l l e c t i o n  a re  g iv e n , À
6/n 10 y p r m  m o a i n t d  M w i d v L t d y  & 1\>> S ^ iy y p k i  f o o l s d  ^ a I
^  - i s “c, 3k^Jàn;( (kmflSKa ^
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F igure  3 .2 . The e f f e c t  o f f a s t in g  on th e  pli o f b lood ( • — • )  
and coelom ic f l u i d  (O —  O ) in  A,m arina . %e uor/ns 
Were kepi- runniOj a i  S o d ,  '^ 'm e
2€ro 7),^  coHecf^ùf\ und eatk po>ni h ^
of 5 /rieitsure/nenil S' ,
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fo llo w ed  by a d e c lin e  to  a s te a d y  pH le v e l  may r e . i l e c t  d e p le t io n  o f 
m e tab o lic  r e s e rv e s  and changes i n  s u b s t r a t e .
R e su lts  o f  pH m easurem ents from  a v a r i e ty  o f p o ly c h a e te  body f lu i d s  
a re  summarized in  Table 1.1 and in d i.c a te  la rg e  in t e r s p e c i f i c  d i f f e r e n c e s .
3*h D isc u ss io n .
v/e have become accustom ed to  th in lc ing  o f  t i s s u e s  as e x q u is i te ly  
s e n s i t i v e  because  th e  r e a c t io n  o f  th e  b lo o d  i s  c o n t ro l le d  to  a  f r a c t io n  
o f  a  pH u n i t .  But th e  ran g e  from pH 7 .0 - 7 .8  in c lu d e s  a c t i v i t i e s  from
2 .5  tim es th e  norm al mammalian v a lu e  (lOO nmol 1  ^ a t  pH 7*0) to  ti^ro- 
f i f t h s  o f  th e  norm al ( l 6 nmol l ” ^) a t  pii 7 . 8 ,  a ran g e  from I4O to  250 
p e r  c e n t o f  th e  v a lu e  n o m a l ly  m a in ta in e d . This i s  f a r  g r e a te r  th an  th e  
ran g e  o f  po tass iu m  o r  sodium io n s  t h a t  c o u ld  be to l e r a t e d .
One o f  th e  p i t f a l l s  o f  d e a lin g  i-jith a lo g a r i th m ic  s c a le  i s  t h a t  
s e r io u s  e r ro r s  may r e s u l t  from  averag ing  pH v a lu e s  in s te a d  o f  f i r s t  
c o n v e rtin g  them to  a n t i lo g a r i th m s .  Tor exam ple, th e  a d d i t io n  o f  tvTo pH 
v a lu e s  and d iv is io n  o f  th e  sum by  two i s  n o t  a mean, b u t  a  sq u are  r o o t  I 
L ik e if ise , th e  r e p o r t in g  o f  s ta n d a rd  e r r o r  viiU. obscure  any r e a l
_ "j
d if f e re n c e s  in  pH w hich m igh t o c c u r . The u se  o f  nmol 1~ to  ex p re ss  
hydrogen io n  a c t i v i t y  overcomes th e  problem  o f  th e  pH s c a le  w hich i s  
th e  lo g a ritlv iiic  s c a le  o f d i l u t i o n .  The mole concep t i n  r e l a t i o n  to  
chem ical a c t i v i t y  i s  d is c u s se d  by  Oi-ren e t  a l .  (1970). Thus, th e re  i s  now 
th e  o p p o r tu n ity  to  ex p ress  hydrogen io n  a c t i v i t y  i n  term s o f  th e  b a s ic  
SI u n i t ,  th e  m ole. There i s  some degree  o f  u n c e r ta in ty  i n  d e r iv in g  
c o n c e n tra tio n  from  r e l i a b l e  pH measurem ents b u t  i t  i s  a re a so n a b le  
assum ption th a t  f o r  s o lu t io n s  as d i l u te  as th e  body f l u i d s ,  th e  a c t i v i t y  
c o e f f i c i e n t  i s  1 .0 0  (H attock  & Band, 1967). For th e se  re a s o n s , hydrogen 
io n  a c t i v i t i e s  and s ta n d a rd  d e v ia tio n s  i n  nmol 1 were r e p o r te d  to g e th e r  
v iith  pH i n  th e  r e s u l t s .
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Kanijum (19?0) and Hangum & Shick (1972) have em phasized th e  im portance 
o f  te m p e ra tu re , n o t  o n ly  as i t  a f f e c t s  th e  hydrogen io n  a c t i v i t y  ( th e  p^ 
o f  n e u t r a l i t y  drops x-jith a r i s e  in  te m p e ra tu re ) , b u t  a lso  i n  a c c lim a tio n . 
Avp h i  t r i t e  c i r r a t a  a c c lim a te d  a t  10°0 had a "mean" pii o f  7 .0 6  and th o se  
a t  15°0, 6 .9 0 , Howell e t  a l . (1973) o b serv ed  t h a t  th e  pH o f  in v e r t e b r a te  
body f lu i d s  d ec re ase d  as t h e i r  b o d y . te m p era tu re  in c re a s e d  i n  p r e c i s e ly  
th e  same way t h a t  th e  pH o f  th e  n e u t r a l  p o in t  o f  w a te r  d e c re a se d . T h is , 
th e y  claim ed was ev idence t h a t  in v e r t e b r a te s  r e g u la te d  th e  pH o f  t h e i r  
e x t r a c e l l u la r  f lu i d s  to  m a in ta in  t h e i r  r e l a t i v e  a l k a l i n i t y  by  m a n ip u la tio n  
o f  £00^ and HGO^ ” ,
Another in te r e s t in g  fe a tu re  shcx-m by Hangum & Shick (1972) was th e  
system atic  drop xm.th t in e  from pH 7.U to  6 .5  in  an is o la te d  sample o f 
A renicola b lood . The authors a t t r ib u te d  th i s  to  deox;/-genation and th e  
va lue  which m ight be achieved during r e s p ir a to ry  s t r e s s  a t  low t i d e ,
I  can a lso  confirm  t h i s  o b se rv a tio n  w ith  A ren ico la  b lo o d  and, in d e e d , 
w ith  o th e r  p o ly c h a e te  body f l u i d s ,  ilowever, u n l ik e  an i s o l a t e d  sam ple, 
a  x iio le  an im al has th e  means to  remove GO^  as  su g g e s te d  i n  S e c t io n  U.5 
th u s  p re v e n tin g  r e s p i r a t o r y  a c id o s i s ,  jh r th e rm o re , i t  i s  w e ll  known 
t h a t  a  h ig h e r p ro p o r tio n  o f  oxyhaem oglobin c o n ta in s  more f r e e  a c id  
r a d ic le s  th a n  th e  deoxy-form , th u s  x rith  d eoxygena tion , th e  pH r i s e s ,
q
n o t f a l l s .  Toulmond (1970) has shown t h a t  upon deoxj^genation, th e  b lo o d  
o f  A .m arina  r i s e s  by  app ro x im ate ly  0.1 pH u n i t .  On th e  o th e r  hand ,
S e c tio n  h»h shows t h a t  f o r  w hole an im als under a n o x ia , th e  pH o f
A renico la  f a l l s  to  6.98 a f t e r  I t  i s  most p robab le  th a t  a marked f a l l  
in  b lood pH w ith  tim e i s  due to  c e l l u la r  o r m icro-organism  metabolism  in  
th e  absence of anaerobic r e s p i r a t io n .  Toulmond (1973) has subsequen tly  
o b ta in ed  s im ila r  d a ta  on th e  e f f e c ts  o f anaerobic s i s  on th e  b lood \
pH o f  A ren ico la  and p roposes a m ajor fu n c tio n  o f  haem oglobin d u rin g  loxf
IS
t i d e  i n  th e  a c id -b a se  r e g u la t io n  o f th e  b loody to  b u f f e r  a g a in s t  th e  a c id
38
Table 3»1 • lîean values o f  pH and hydrogen Ion a o tlv H y  (ÿ î)  
at 15°C.
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m e ta b o li te s  wîiich a re  produced  (üaJ.es, 1 ) •
The la r g e  v a r i a t io n  i n  hydrogen io n  a c t i v i t y  betw een in d iv id u a ls
and sp e c ie s  i s  endorsed  by  e a r l i e r  frag m e n ta ry  r e p o r ts  in  th e  l i t e r a t u r e .
C lark  ( 196)4.) m easured coelom ic f l u i d  pH o f Hephtys hombergi vTith
sam ples e q u i l ib r a te d  i n  a i r .  C on tro l worms w ere found to  f a l l  i n  th e
range  pH 6 . ^ - 6 .6  and she su g g es ted  th a t  th e s e  m ight be s l i g h t l y  h ig h e r
th a n  th e  in  v ivo  v a lu e s .  These low v a lu e s  may have been  a r e s u l t  o f  th e
le n g th  o f  tim e i t  to o k  h e r to  c o l l e c t  coelom ic sa^nples and th e y  c o n t r a s t
w ith  th e  h ig h e r v a lu e s  f o r  t h i s  s p e c ie s  i n  Table 3 .1 .
Cole ( 19)4.0 ) r e p o r te d  pH v a lu e s  f o r  E ch iurus p a l l  as s i  (7 * 6 ),
A n p h itr i te  b runea  (6 . 8 ) and G lycera  d ib ra n c h ia ta  ( 7 .L ) .  be Jo rg e  e t  a l .
( 1970 ) reco rd ed  pH 7*368+ S ,D . O.O86 f o r  S ipuncu lus n a ta n s  and 7*333± 6 .D,
0*030  f o r  S .m u l t i s u lc a tu s . The pH mea.curements w ere n o t made under
s t r i c t l y  an ae ro b ic  c o n d itio n s  however.
Such imLde v a r ia t io n s  a re  by  no means c o n fin e d  to  th e  in v e r t e b r a t e s ,
f o r  Eddy (1971 ) found v a r ia t io n s  o f  up to  0 .9  u n i t  i n  a n a e ro b ic a l ly
sam pled b lo o d  o f  rainbow  t r o u t  k e p t under i d e n t i c a l  c o n d i t io n s .  He
f u r th e r  n o te d  t h a t  v a r i a t io n s  became more pronounced a t  low 00^ te n s io n s
and th i s  s i t u a t io n  i s  p a r a l l e l e d  by  m arine i n v e r t e b r a t e s .  These r e p o r t s ,
and th e  r e s u l t s  p re s e n te d  h e re ,  do n o t  con firm  th e  s ta te m e n t o f  i r o s s e r  
: p. U
& Brown ( 1961^  t h a t  "A ll m arine anim als have a r e l a t i v e l y  c o n s ta n t  
hydrogen io n  c o n c e n tr a t io n ."  d h e th e r r e l a t i v e  to  o th e r  io n s ,  th e  se a  o r 
o th e r  an im als , th e re  i s  no ev idence to  su p p o rt t h i s  c la im .
There does n o t appear to  be a c o r r e l a t i o n  betw een th e  ty p e  o f  
r e s p i r a to r y  p igm ent o r  th e  d es ig n  o f  th e  f l u i d  compartmenoS and th e  
v a lu e s  o f  pH re c o rd e d  i n  th e  r e s u l t s .  I t  i s  w o rth  n o tin g  t h a t  s e v e ra l  
f ig u r e s  l i e  o u ts id e  th e  l i m i t s  o f pH w hich have been  in v e s t ig a te d  fo r  
Bohr s h i . f t ,  e .g .  c h lo ro c ru o r in  from  S a b e lla  pavonina (now p e n i c i l l u s ) 
showed a Bohr e f f e c t  a t  pH 7*)-J- to  8 ,0  ( fo x , 1932) b u t  th e  mean v a lu e  
found in  t h i s  s tu d y  was 6 .9 2 . This i s  p a r t ic i iL a r ly  s ig n i f i c a n t  i n  view
h2
o f  th e  enormous Bohr s h i f t s  o f  c h lo ro c ru o r in  (see  S e c tio n  9)»  The 
t e r e b e l l i d  Eupolymnia showed no Bohr e f f e c t  be  tire en pll 7*2 and 7*7 
(M anwell, 1999) b u t  th e  two t e r e b e l l i d  sp e c ie s  in  Table 3.1 showed 
average pH v a lu e s  o f 6 .99  and 6 .8 9 .
V a r ia t io n  in  hydrogen io n  ac tiv i^ ty  in  th e  body f lu id s  o f  m arine 
in v e r te b r a te s  may n o t have s ig n if ic a n c e  u n le ss  i t  can be shown t h a t  a 
Bohr s l i i f t  o p e ra te s .
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u .  CidbBüîHC AGTlVIrY III A'lHICC^LA i 'h t lN A  ( L . )
Ii.*1 A b s tra c t,
1• The c a t a l y t i c  e f f e c t  o f A ren ico la  b lo o d  on CO^  h y d ra tio n  was 
compared w ith  th e  a c t i v i t y  o f  p u r i f i e d  b o v in e  ca rb o n ic  snhydi-ase. The 
IcLnetic p a t te r n  o f  in i i ib i t io n  f o r  b o th  ca rb o n ic  an liyerases by 
ace tazo la iiiide  was found to  be n o n -c o m p e tit iv e ,
2 . A cetazolam ide a d m in is tra t io n  low ered  th e  pH o f coelom ic f l u i d  
and b lo o d  w ith in  1 h r  d u rin g  ae ro b ic  r e s p i r a t i o n ,  lio s ig n i f i c a n t  
change i n  pH was observed  f o r  t r e a te d  worms k e p t under an ae ro b ic  
c o n d i t io n s •
3 . A p rim ary  r o le  o f  th e  enzyme i n  th e  rem oval o f m e tab o lic  CO^  i s  
suggested*  A n e c e ssa ry  consequence o f  t h i s  a c t io n  i s  th e  l im i te d  c o n tro l  
o f  body f l u i d  pH by r e g u la t io n  o f  b ic a rb o n a te  and hydrogen io n s ,  'This 
may be im p o rta n t i n  th e  b lo o d  where th e  haem oglobin e q u ilib r iu m  curve
i s  known to  have a  p o s i t i v e  Bohr e f f e c t ,  _
h.,2 I n tro d u c t io n .
Vai’io u s  in v e r t e b r a te  t i s s u e s  a re  knoxm to  p o sse ss  th e  enz^mie 
ca rb o n ic  a ih y d ra se  (ca rb o n a te  hydrolys.se B .C .^ .2 .1 ,1 )  from t h e i r  e f f e c t s  
on th e  r a t e s  o f  CO^  h y d ra tio n  and ca rb o n ic  a c id  d eh y d ra tio n  acco rd in g  to  
th e  r e a c t io n s  :
GOg + il"' +■ HGG -  (l )
and
CO + O ir——  ^ ilGC “ (2)
(Van Goor, 19L8; P o lya  & W irtz , 1969)# The co u rse  o f  ( l ) and (2 ) from 
l e f t  to  r i g h t  i s  r e f e r r e d  to  as th e  " h y d ra tio n  r e a c t io n "  and th e  r e v e r s e ,  
th e  "d eh y d ra tio n  r e a c t io n " .
The p resen ce  o f  ca rb o n ic  anhydrase i n  th e  b lo o d  o f A ren ico la  sp . 
was re p o r te d  co n co m itan tly  w ith  th e  s e p a ra t io n  o f  th e  c s ia l^ 'i i c  system  
from  haem oglobin i n  mammalian eiyrblirocytes by  B rih ln an  e t  a l .  (1932),
fotind. no enzyme a c t iv ity  in  homogenized g i l l  t is s u e  which had been washed 
in  c lean  sea water to  remove traces o f  blood*
i n  coelom ic f l u i d  o f a re n ic o la "  i s  e v id e n t ly  a m istak e  b ased  on a
à rep ort by Iro sse r  t- Brown ( l9ol  th a t "carbonic anhydrase i s  found
ttTographiLcal e r r o r  in  f a b le  33 o f  Van B oor's  r e fe re n c e  to  th e  o r ig in a l
work by Brinlcman e t  a l .  ('1932). A lthough Bririisnan e t  a l .  U 932 ) found
h ig h  enz^mie a c t i v i t y  i n  A ren ico la  b lo o d , i t s  absence i n  coelom ic f l u i d
was n o t r e p o r te d  u n t i l  l a t e r  (B rinl-nan, 1933), and th i s  was re a f f i rm e d
when i l o r k in  (1935) and C la rk  (1916) found c a rb o n ic  anhydrase in"p lasm a"
(b lood ; b u t  n o t i n  th e  "body liq u i.d "  (coelom ic f l u i d )  o f  A ren ico la
m arin a . C lark (l9 l|6 ) a ls o  exairdnad v a r io u s  t i s s u e s  o f  A.m arina  and showed
th e  mean a c t i v i t y  o f  lugi'7orm and human b lood  to  be o f  th e  same o r d e r .
I  can f in d  no o r ig in a l  ev idence fo r  th e  s ta te m e n t i n  I r o s s e r  d  Broxm
(1961 )  ^t h a t  p o ly c h a e te  g i l l s  c o n ta in  "a r i c h  supp ly  o f  th e  enzyme", and
would su g g es t t h a t  t l i s  r e p o r t  i s  b ased  on th e  view o f  ferguson  e t  a l .
(1937) who d id  f in d  r i c h  s u p p lie s  i n  many c ru s ta c e a n  g i l l s .  C la rk  (19UB)
found on ly  a t r a c e  o f  a c t i v i t y  i n  A.m arina  g i l l s  and I  would ag ree  t h a t
th e re  i s  no more ca rb o n ic  anhydrase in  th e  g i l l s  th a n  would be  c o n ta in e d
"if
by th e  b lood  w ith in  th e se  t i s s u e s ,  see o^p-
The p resen ce  o f  carbon in  anhydrase i n  mammalian e ry t tc o c y te s  i s  an
im p o rta n t f a c to r  i n  de te rm in in g  w hether GO. can be r e le a s e d  s u f f i c i e n t l y
r a p id ly  d u ring  th e  p assag e  o f  b lo o d  th ro u g h  th e  pulm onary c a p i l l a r i e s .
There a re  no h aem o g lo b in -co n ta in in g  c o rp u s c le s  i n  th e  b lo o d  o f  A.m arina
and b o th  haem oglobin and ca rb o n ic  anhydrase a re  i n  s o lu t io n .  lio
experim en ts conce rn ing  p o s s ib le  r e s p i r a to r y  fu n c tio n  o f  th e  enzyme a re
known f o r  any in v e r t e b r a t e .  There i s  an ap p a re n t a s s o c ia t io n  o f  th e
enzyme w ith  calciim r i n  o y s te r  s h e l l  fo rm a tio n  (v /ilbu r a Jo d re y , 1999),
b
b u t  N ie lse n  & F rie d e n  (1972) p o in t  o u t t h a t  a c t i v i t y  i s  much h ig h e r  i n  
th e  b lo o d  th a n  i n  th e  m an tle  t i s s u e  o f  C rass os t r e a  v i r g i n ie  a  and su g g es t 
t h a t  carb o n ic  anhydrase i s  in v o lv ed  i n  th e  m ain tenance o f  th e  io n ic  
s t r e n g th  o f  th e  b lo o d . Addinlc (1971 ) d m o n s tra te d  t h a t  th e  p r o p e r t ie s  o f 
ca rb o n ic  aniiydr-ase from th e  m antle  m uscle o f tlie  cephalopod Cepia 
m f f ic in a l is  w ere s im i la r  to  th e  human and bov ine  isoenzym es, b u t
had been adjusted to  2 8 ° /  ^ s a l in i t y  (pH=8,2) and matched th a t o f the medium from 
which the animals had been co llected *  Freshly, made up syn th etic  sea water was used 
as a convenient source o f s t e r i l e  sea water which was required in  large  volumes* 
VJhile some io n ic  a c t iv i t i e s  may d if fe r  from those in  natural sea ,w ater, and the 
worms' natural behaviour cannot be guaranteed, the use o f syn th etic  sea water in  
th ese experiments may be j u s t i f ie d  from the two s e ts  o f con tro l animals which were 
used*
U9
th e  r o le  o f  th e  enzyme in  n o l lu s (^"nantie has n o t been  e s ta b l i s h e d .
A c o m p a r iso n  o f  som e o f  t h e  k i n e t i c  p r o p e r t i e s  o f  A .m a r in a  
c a r b o n ic  a n liy u r a se  (AGA) w i t h  a  h i g h l y  p u r i f i e d  e x t r a c t  fro m  b o v in e  
e i^ ' ih r o c y t e s  (EGA) t h e r e f o r e  seem ed  a n e c e s s a r y  p r e l im in a r y  f o r  
i n v e s t i g a t i o n  o f  t h e  r o l e  o f  AGA i n  w h o le  a n im a ls ,  and  t h e  r e s u l t s  o f  
t h i s  s t u d y  a r e  p r e s e n t e d  h e r e .
i;,3  M a te r ia ls  and m ethods.
' Lugiforms w ere c o l le c te d  i n t e r t i d a l l y  from a p o p u la tio n  a t  
d h i t s t a b le ,  K ent, and k e p t a t  15°G i n  a te m p e ra tu re -c o n tro lle d  
aquarium  under low i l lu m in a t io n ,  ho s e le c t io n  was made f o r  body 
s iz e  o r  se x . E xperim en ta l and c o n t ro l  an im als w ere p la c e d  i n  p l a s t i c  
bow ls c o n ta in in g  a e ra te d  s y n th e t ic  s e a  w a te r  (SeAquariums) ' ■ which 
(^s’eé' •- For experim en ts  i n  an ae ro b ic
c o n d i t io n s ,  lugprorms w ere k e p t s e p a ra te ly  i n  s to p p e re d  f l a s k s  o f  s e a  
w a te r  under a co n tin u o u s  s tream  o f n i t r o g e n ,
Coelomic f l u i d  and b lo o d  were sam pled an ae ro b ic  a l l y  a f t e r  r a p id  
d is s e c t io n  under l i g h t  p a r a f f i n .  R e p lic a te  m easurem ents w ere made 
q u ic k ly  i n  su c c e s s io n  a f t e r  c o l l e c t io n  o f  f l u i d  in to  c a p i l l a r i e s .
Samples w ere d r aim by s u c t io n  in to  a c a p i l l a r y  m ic ro e le c tro d e  (R adiom eter 
BMS2) and th e  pH determ ined  i f i th  a R adiom eter PIM 71 a n a ly s e r .  The. 
e le c tro d e  r e q u ire d  29 - Ul sam ples f o r  a  r e l i a b l e  pH r e a d in g .  A ll pH 
ie  a t  19*Oi0.02°C^A tw o -p o in t c a l i b r a t i o n  p rocfm easurem ents w ere mad .0±  C^ ed u re  
was perform ed b e fo re  every  ru n  u s in g  HBS-approved b u f f e r  s ta n d a rd s .  
S tan d ard  b u f f e r  v a lu e s  w ere c o r re c te d  f o r  te m p era tu re  a t  19°G (see  
Appendix l )  and were a c c u ra te  to  0 .0 0 9  pH u n i t s .
S ince th e  pH s c a le  i s  lo g a r i th m ic ,  a r i t lm e t i c  means w ere c a lc u la te d  
from  th e  a n tilo g a r i t l im s  o f  th e  ra >7 d a ta .  Sanp les w ere compared u s in g  
th e  n o n -p a ram etric  l i lc o x o n  tw o-sam ple t e s t  to  a s s e s s  l e v e ls  o f 
s ig n i f ic a n c e .
U6
II.*!; R esu lts#
The e f f e c t  o f  v a ry in g  AGA c o n c e n tra t io n  on th e  tim e f o r  th e  GG_ 
h y d ra tio n  r e a c t io n  to  be com pleted  i s  shown i n  I 'ig . i^ . l .  One enzjane 
a c t i v i t y  u n i t  was d e f in e d  as th e  amount o f  enzyme re q u ire d  to  h a lv e  
th e  tim e o f th e  u n c a ta ly se d  r e a c t io n ,  ‘The enzyme u n i t  i s  th e re fo re  an 
a r b i t r a r y  u n i t  d e f in e d  i n  r e l a t i o n  to  th e  p r e s e n t  s%astem f o r  m easuring  
th e  GOg h y d ra tio n  r a t e .
The a c t i v i t y  o f  AGA and EGA when two enzyme a c t i v i t y  u n i t s  were 
added to  th e  s^/'stem and t i t r a t e d  a g a in s t  ace tazo lam id e  i s  ex p ressed  in  
l’i g , l i . 2 .  A c tiv i ty  d ecreased  l i n e a r l y  w ith  tim e over th e  range o f  
enzyme c o n c e n tra tio n  u sed . The amount o f acetazolarriide re q u ir e d  to  e l i c i t  
one enzyme u n i t  o f  a c t i v i t y  when two u n i t s  w ere added, co rresponded  to  
a m olar c o n c e n tra tio n  o f  2 .3  x  10” M f o r  EGA and AGA, This v a lu e  i s  
Imown as th e  I90 f o r  ace tazo lam ide  b u t  i s  n o t com parable v jith  o th e r  
v a lu e s  o f  I 90 u s in g  d i f f e r e n t  a s sa y  system s o r  te m p e ra tu re s .
The r e s u l t s  o f  experim en ts  I 'jith  w hole an im als a re  summarized in  
Table U .1, G ontro l group 1 had no trea .tm ent and group 2 was in je c te d , 
w ith  90 jjI  s e a  w ate r # n  i s  th e  nu  b e r  o f  an im als and G.E.  i s  th e  s ta n d a rd  
e r r o r  o f  m easu rem en t,,A ll experim ents were h e ld  a t  l5 .0± 0 .9°G  and th e  pH 
was determ ined  a t  l9»0+0.02°C , G on tro ls  1 and 2 were n o t s ig n i f i c a n t l y  
d i f f e r e n t  ( P > 0 , 2 ) ,  R e v e r s ib i l i ty  o f  t r e a te d  anim als i s  shown a f t e r  2)ùi 
f o r  a group w hich had  been  g iven  s e v e ra l  changes o f  c le a n  se a  w a te r .
VJhen coelom ic f l u i d  and b lo o d  from an ae ro b ic  a l l y  m a in ta in ed  groups were 
e q u i l ib r a te d  to n o m e tr ic a lly  w ith  n i t ro g e n  f o r  UO m in, no s ig n i f i c a n t  
change in  pH was o b serv ed  (P > 0 . 9 ) .  However, i n  a l l  groups m a in ta in ed  
under a e r a t io n ,  e q u i l ib r a t io n  o f  coelom ic f l u i d  w ith  a i r  r a i s e d  th e  pH 
to  8 .2 + 0 .0 7 , a v a lu e  c lo s e  to  t h a t  o f  sea  w a te r .  B lood from  th e  same 
groups was r a i s e d  to  7*72+0.09.
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).l-*5 d is c u s s io n ,
Tlie r e s u l t s  r e v e a l  a s in i . la r  k in e t ic  p a t t e r n  o f AGA and BOA a c t i v i t y  
i n  t i t r a t i o n  a g a in s t  th e  su lphonam de d ru g , a c e tazo la i.iid e . This p a t t e r n  
c l e a r ly  dem onstra tes  th a t  ac e ta z o l  ami de does n o t  compete id .th  ACA f o r  
s u b s t r a te ,  b u t  i n l i i b i t s  th e  enzyme by th e  fo rm a tio n  o f an en zy m e-in h ib ito r  
complex* This c l a s s i c a l  p r o f i l e  o f n o n -co m p e titiv e  in h i b i t i o n  has 
a lre a d y  been  sho rn  f o r  th e  ca rb o n ic  anhydrases i n  mammals (H aren, 
th e  cephaJ.opod m o llu sc , S .o f f i c i n a l i s  (Addinlc, 1T7l) and in  o y s te r  serum 
(N ie lsen  & fV ieden , 1972 b ) .
A marked drop i n  th e  pH o f  coelom ic f l u i d  and b lo o d  r e s u l t e d  from 
a c e ta z o la m id e - tre a te d  anim als k e p t i n  oxygenated r a t e r  • However, th e re  
was no s ig n i f i c a n t  d if f e re n c e  i n  pH betw een th e  drug t r e a te d  and c o n tro l  
groups m a in ta in ed  u nder an aerob ic  c o n d itio n s  * I h is  su g g e s ts  t h a t  AGA 
p a r t i c i p a t e s  i n  th e  rem oval o f m e tab o lic  CO^*
The b lo o d  i s  b u f fe re d  by  v i r t u e  o f th e  haem oglobin i n  so lu tio n *
Y et, th e  r e s u l t s  show th a t  t h i s  i s  n o t enough to  b u f f e r  th e  b lood  a g a in s t  
excess ■ hydrogen io n s  a r i s in g  from th e  s taunched  flow  o f  GO^  from s i t e s  
o f  m e tab o lic  a c t i v i t y  to  th e  g i l l s  and body s u r f a c e ,  A secondary  r o le  o f 
ACA i s  th e re f o r e  l i k e l y  to  be th e  c o n tro l  o f  body f l u i d  pH by  in c re a s e d  
b ic a rb o n a te  p ro d u c tio n  in  resp o n se  to  in c re a s e d  pGO^* ih e se  p o s s i b i l i t i e s  
have been  co n s id e re d  by N ie lsen  f: I'Yieden (1972a), b u t th e y  su g g es t 
t h a t  th e  liigh enzyme a c t i v i t y  i n  o y s te r  serum i s  more l i k e l y  to  be 
in v o lv ed  i n  m ain tenance o f  io n ic  s t r e n g th  o f  th e  blood*
The ex p erim en ta l o b se rv a tio n s  from A»m arina cou ld  b e  accomodated i f  
ACA w ere in v o lv ed  i n  r e s p i r a to r y  t r a n s p o r t  o f  GO^  by  th e  scheme 
p ro p o sed  in  i'ig*U*3*
The p r in c ip le  o f  d i f f u s io n  demands t h a t  CO p a sse s  along a p re s s u re  
g ra d ie n t  from a, r e g io n  of liigh  g^ GO^  ( th e  t i s s u e s  ano coeloDiic f l u i d )  , 
Tnto a re g io n  o f  low er pGOo (th e  b lood)*  A low b lo o d  ^CO^, m a in ta in ed  by
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AGA in  th e  h y d ra tio n  r e a c t io n  to  form b ic a rb o n a te ,  would a s s i s t  in  th e  
rem oval o f  m e tab o lic  The tz-ans.•icrt o f b ic a rb o n a te  i s  e f f e c te d  by
th e  C irc u la t io n  o f  th e  b lood  to  th e  g i l l s  and g e n e ra l body s u r fa c e  
w here th e  d eh y d ra tio n  r e a c t io n  o c c u rs , haem oglobin i n  A.m arina i s  Icnovm 
to  s u f f e r  a p o s i t i v e  Bohr s h i f t ,  th e  e x te n t  o f w hich has been  in v e s t ig a te d  
r e c e n t ly  by Toulmond ( 1970a). JJuring p e r io d s  o f  ae ro b ic  respiijration i t  
w ould th e re fo re  be an advantage to  m a in ta in  a low b lo o d  pCC (and hence 
h ig h e r  pH) to  av o id  v i t i a t i n g  th e  ox;(rgenational p r o p e r t i e s  o f th e  
haem oglobin*
The mechanism o f  AGA o p e ra tio n  in  r e s p i r a t io n  appears to  d i f f e r  from 
th e  mami'aalian s i t u a t io n  i n  two r e s p e c ts :  (l ) Tlie £00^ i n  A ren ico la  
b lo o d  i s  ex trem ely  low under norm al c o n d itio n s  and p r e s e n ts  d i f f i c u l t i e s  
i n  measurement* I t  would be  u s e fu l  to  m easure CO^  d i r e c t l y ,  o r i n d i r e c t l y  
from  pH m easurem ents v ia  th e  H enderson-H asselbalch  equation*  However, a t  
low pCO,^*s th e  e q u a tio n  i s  d i f f i c u l t  to  apply* Toulmond ( 1970b) 
d em onstra ted  t h a t  f o r  A.ma r in a  b lo o d , th e  H enderson-H asselbalch  e q u a tio n  
was in a p p lic a b le  a f t e r  e s ta b l is i i in g  a n o n - l in e a r  r e la t io n s l i ip  betw een 
b lo o d  pH and lo g  £00^* The e q u a tio n  canno t b e  expected  to  h o ld  a t  v e ry  
low £COg ' 8 s in c e  as  £00^ approaches z e ro , pH approaches in f in i ty *
(2) Because ACA i s  i n  s o lu t io n  and n o t c o n fin e d  to  c o rp u s c le s , th e re  can 
b e  no io n  im balance and hence no need f o r  a c h lo r id e  s h if t*  Concerning 
th e  p re sen ce  o f  c a rb o n ic  anhydrase i n  mammalian e ry tl iro c y te s ,  Krogh (l9ql)/^ 
w ro te  "* * # it seems an u n n ecessa ry  com plica tio n "*  Y et, i n  A ren ico la  th e  
enzyme appears  to  have a  s im ila r  r o le  a lth o u g h  i n  s o lu t io n .
su
s  THE FUNCTION CE THE K-[?IIACELLUL\H IHvllIOGK BIlIo CE AH'hlCOLA HAiTIHA, 
rÆEHJTffES (=IH{HEIS) VIHEIIS, AHH GIHHI,v dJA TEI7TA CULVTA.
5*1 I n t r o  duc t i  o n ,
The p o ly c h a e te s  A ren ico la  m arina ( L .) ,  Tieanthes (= H ere is ) v ir e n s  (S a rs ) 
C ir r i fo rm ia  t e n t a c u la ta  (Montagu) have w e ll  developed v a s c u la r  system s 
c o n ta in in g  a h ig h  m o lecu la r w eigh t haem oglobin (c a , 3 % 10^) f r e e  i n  
s o lu t io n .  The id e a  t h a t  a v a s c u la r  haem oglobin m ight se rv e  as an ozcygen 
s to r e  a t  low t i d e  (B an cro ft & B a n c ro ft , (l 92 b,) ; Borden, (1931.)) i s  now 
d is c r e d i te d  f o r  re a so n s  g iven  i n  S e c tio n  6.S* A.s th e se  worms have no 
coelom ic c e l l  haem oglobin, t h e i r  b lo o d  p ifg ien ts  m ight be expec ted  to  
exem plify  a sim ple  t r a n s p o r t  fu n c tio n , a lthough  a "temporargr s to ra g e '' 
fu n c tio n  i s  a n e c e ssa ry  consequence o f any t r a n s p o r t  system  whenever 
a c t i v i t y  i s  te m p o ra r ily  suspended.
C i r r i f o r m a  i s  a n o n - s e le c t iv e  s u r fa c e  d e p o s it  fe e d e r  l i v in g  i n  
mucous l i n e d  burrow s wliich i t  does n o t i r r i g a t e  (Courtne^r, 1958)* The 
burrow s a re  n o t n o rm ally  exposed by  th e  t i d e  b u t  covered  by shallow  p o o ls  
o f  w a te r  l e f t  b y  th e  re c e d in g  t i d e .  A s tro n g  odour o f  su lp h id e  i s  
c h a r a c t e r i s t i c  o f  th e  red u c in g  muds i n  which i t  l i v e s .  A lthough th e  
worms l i e  i n  v e r t i c a l  burrow s o f anoxic mud up to  20 cm in  d e p th , th e  
d i s t a l  p a r t s  o f  th e  b ra n c h ia e  p r o je c t  from th e  en tra n ce  o f  th e  burrow 
and th u s  th e  worm i s  n o t dependent on th e  orqrgen c o n te n t o f tn e  mud, b u t  
t h a t  o f th e  o v e r ly in g  w a te r  (George 1 964a, 1964b). The oxTTgen t r a n s p o r t  
p ro p e l" tie s  o f  t h i s  haem oglobin a re  i n t e r e s t i n g  i n  view o f th e  v e ry  s teep  
£0^ g ra d ie n t  w liich m ust e x i s t  betw een th e  s i t e s  o f up tak e  and re le a s e *
The p o ly c h a e te s  A re n ic o la  and N eantiies a re  found i n  s im i la r  shore  
h a b i t a t s ,  burrow ing i n  f in e  sediments where th e  i n t e r s t i t i a l  w a te r i s  
g e n e ra lly  l i k e l y  to  b e d e f ic ie n t  i n  oxygen a t  low t i d e  (B ra f ie ld ,  196it).
The two sp ecies are sometimes found together in  the lower m id -lit to ra l  
zone o f e s tu a r ie s . The oxygen d efic ien cy  i s  p artly  compensated for by 
the construction  o f burroirs which are ir r ig a te d . The burrows o f Neanthes,
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about 10-15 cm below  th e  s u r fa c e , a re  c o n s o lid a te d  by mucous l i n in g s  
and open to  th e  su r fa c e  by sem i-perm anent o p en in g s . I f  th e  c o u rse  o f  a 
burrow  i s  fo llo w ed  th rough  tlæ  s tro n g  red u c in g  c o n d itio n s  o f  th e  b la c k  
sed im en ts , a  l i g h t e r  zone o f sand i s  seen  su rro u n d in g  th e  burrow  
in d ic a t in g  th e  p re sen ce  o f  a t  l e a s t  some ox rgen . Triere i s  p ro b a b ly  v e ry  
l i t t l e  communiea t io n  betw een i n t e r s t i t i a l  w a te r and th e  burro'w (Walsby, 
1970). Ihe o n ly  ap p are n t sou rce  o f  oxygenated  w a te r  i s  t h a t  draa-m i n  by 
i r r i g a t i o n  movements* These movements i n  N eanthes,  w e ll d e sc r ib e d  by 
L in d ro th  (1938), c o n s i s t  o f a s e r i e s  o f d o r s o -v e n tr s l  waves p a ss in g  
p o s te r io r ly *  Tlie riiovements a re  i n t e r m i t t e n t  and i t  has been su g g ested  th a t  
th e y  a re  i n i t i a t e d  e i th e r  by  low burrow  w a te r £0 (./a lsb y , 1970) o r  by 
an endogenous pacemaJcer (D ales e t  a l .  1970). The i r r i g a t i o n  movements o f 
A re n ic o la  have been  d e sc r ib e d  in  d e t a i l  by , /e l l s  (l9U9) and c o n s is t  o f 
a ta i lw a rd  locom otion  p hase  fo llo w ed  by  headw ard, th e n  ta i lw a rd  i r r i g a t i o n .  
Headi'jard i r r i g a t i o n  i s  th e  more conspicuous component whenever th e re  i s  
a p l e n t i f u l  supp ly  o f  o x tg e n . N e v e rth e le ss , as th e  au thor p o in te d  o u t,  
t h i s  i s  n o t  ev idence f o r  th e  £0^ i n i t i a t i o n  o f a c t iv j . ty  p e r  se  s in c e  
i r r i g a t i o n  was n o t sh o r te n e d  o r  a b o lish e d  by a d ec rease  i n  pO^.
The p h y s io lo g ic a l  p r o p e r t i e s  o f th e  b lo o d  o f  th e se  t l i r e e  s p e c ie s  can 
r e v e a l  th e  n a tu re  and e x te n t  o f  an a d a p ta tio n  to  l i f e  in  a low oxygen 
environm ent p ro v id ed  t h a t  tlie  ex p erim en ta l approach r e l a t e s  to  th e  
c o n d itio n s  under w hich th e  anim als m ight be expec ted  to  l i v e .
5 ,2  M a te r ia ls  and m ethods.
A ren ico la  m arina  and N eanthes v ir e n s  were c o l le c te d  f"om bouthend-on- 
Se&, E ssex , and C irr ifo rm i.a  t e n ta c u l t a  from  v/embury, Devon, dorms w ere 
acc lim a te d  to  th e  la b o ra to r y  sea  w a te r c i r c u l a t i o n  a t  l5°G f o r  s e v e ra l 
days p r io r  to  e x p e r im e n ta tio n .
Worms w ere n a r c o t iz e d  w ith  a 0 .3  p e r  c e n t  s o lu t io n  of p ro p y len e  
pheno}d.tol i n  s e a  w a te r  and b lo t te d  to  remove s u r fa c e  m o is tu re . The b lood  
was sampled d i r e c t l y  from  th e  d o rs a l  v e s s e l  o f  C ir r i fo rm ia  and N eanthes
Unlike tlio cas© o f Arenlcolag i t  v &q  d if f ic u lt  to obtain a sa%)l8 o f  
wholo blood from !Ierntbea without traces o f cocicrnio fluid* I t  nust 
tliei’ofore be assumed tlmt the higliest measured CE^aclty o f 6*8 volsi^ 
from 5 individuals i s  the most r e a lis t ic  one*
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w ith  a f in e  hypodermic need le  in s e r t e d  a t  an acu te  ang le  in to  th e  
v e s s e l ,  w hich was v i s i b l e  b en ea th  th e  s k in .  The body w a ll o f  A ren ico la  
was c u t  s l i g h t l y  to  one s id e  o f th e  m id -d o rsa l l i n e ,  th u s  re le a s iin g  most 
o f  tiiC coelom ic f l u i d .  . . i th  th e  d o rs a l v e s s e l  exposed, b lo o d  wan sampled 
w ith  a s ] /r in g e . Samples con tam inated  w ith  coelom ic fluzld w ere d is c a rd e d . 
A ll experim en ts w ere ca i-ried  o u t u s in g  f r e s h ly  talc en b lo o d ,
5 ,3  R e s u lts .
G^kgen e q u ilib r iu m  d a ta  f o r  w hole b lood  from A ren ico la  m arina a re
p re s e n te d  as th e  l i n e a r  tra n s fo rm a tio n  from  l i l l ' s  e q u a tio n  i n  f i g . 5 . 1 .
The £50 a t  l5°C f o r  A ren ico la  was 3*0 mm hg (O.UO kfl m”^) and i s  th e  same
as a f ig u r e  quoted  i n  P ro sse r  & Eroim (1961 ) .  h h ig h  oxygen-com bining
-Ç(X)/y\,5^ mdividmh)
c a p a c i ty  o f  8 .3+ 0 .6  v o ls  '-^confirm s th e  r e s u l t s  o f Borden ( l9 3 l )  and 
Bancroft & B an cro ft ( 192)4.) . The c a p a c ity  o f  Neanthes b lo o d  at l5°C Kad a 
valwE of 6 .8  v o ls  ^ .^T he H ill tra n s fo rm a tio n s  i n  f i g . 5 .2  show th e  in f lu e n c e  o f 
temperature on th e  p o s i t i o n  b u t n o t th e  shape o f  th e  e q u ilib r iu m  curve 
i n  N ean thes. ' A f f in i ty  was in c re a s e d  from i-t.O mm Hg (0 .53 kN m ^) a t  l5^G 
to 2 .0  ram Hg (0 .27  kN m" )^ a t  7*)i°G and low ered  to  7*5 rnm Hg (l .00 kN m” ^) 
a t  22°C. The in c re a s e  i n  tem p era tu re  w hich d is p la c e s  the curve tow ards a 
lower a f f in i t^ r  f o r  oxygen presum ably r e f l e c t s  th e  exothermic n a tu re  o f  the 
oxygen-b ind ing  p ro c e s s .  The greater demand fo r  oxygen a t  liigh  te ira ie ra tu res  
g e n e ra l ly  shown by  poikilotherm s, i s  th e re f o r e  p artly  o f f s e t  by a d ecrease  
i n  a f i in i - ty  and thus e a s ie r  unloading. However, extrem e te m p era tu re s  
c o u ld  p o s s ib ly  s l i i f t  th e  curve o u t o f th e  u s e fu l  worlcing range. The 
ex p erim en ta l tem pera tiu ’es were chosen to  cover th e  ran g e  th a t  th e  worms 
m igh t exp erien ce  o v e r th e  y e a r and were b a se d  on f i e l d  m easurements made 
by  Kay (1972).
f i g . 5 .3 shows the ap p a re n t invariance o f  th e  e q u ilib r iu m  o f  Neanthes 
haem oglobin to  hydrogen io n  a c t iv ity  betw een pH 6 .68  ana 7 .3 3 . The value 
o f  H il l ' s  c o e f f i c i e n t ,  N, i s  shown to  be  somewhat pH dependent (N = 1 .1 -1 .2 j. 
The s h i f t  in  p50 may be th e  r e s u l t  o f  dJ^lution i n  th e  phosphate buffers
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Figure 5 .1 .  H ill  p lo t  o f the equilibrium  data o f A renicola marina 
haemoglobin a t l5°G and pH 7*28.
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Figure 5 ,2 .  i l i l l  p lo ts  o f the equilibrium  data from Ileanthes 
haemoglobin shomng the e f f e c t  o f temperature on 
the p o s it io n  o f  the curve. pH = 7.28.Mr.A.P.Ecônomides
supplied the blood sample fo r  th is  experim ent.
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l ig u re  5*3* H il l  p lo t  to  show th e  la c k  o f change in  p o s it io n
o f th e  e q n i l ib r im  ciirve o f Heontliee v irc n s  haemoglobin
w ith  hydrogen io n  a c t iv i ty  between pH 6.68 ■ and a 7 .3 3 a J^  .
Mr^A.P.Econoinides supplied  the b lood sample fo r  th is  experiment»
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F ig u re  5*U* H i l l  p l o t  o f  th e  e q u ilib r iu m  d a ta  o f  C i r r i f o n rd a  
te n ta c u l a ta  haom oglobin a t  and pH 7*31 •
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^  As vas th a  caso i&th i t  i:a3 d i f f ic u l t  to, be c e r ta in  th a t  tZm
vascular blood o f C lrriform ia was not d ilu ted  by traces  o f coelonlc 
iluld.Tii© Rmdznm value o b td n sd  from 5 worms o f 7*0 vo l^ t was 
probably tbs most r e a l i s t i c  cstîKÆtô o f ccmblnins: capacity#
6$
w liich were u sed  to  t e s t  th e  Bohr s h i f t .
ih e  e q u ilib r iu m  f o r  C irrifo rra j.a  h&emor;lobin has th e  form  o f  a 
r e c ta iig u lo r  Irnperbo la  and f i t s  th e  i H l  a irro ie lm a tio n  vri.th a sloi^e o f 
1 . 0 - l . i  r n d i c a t in r  no hacm-haem i n t e r a c t i o n s ,  T liis haem oglobin i n  i n t e r e s t ­
in g  i n  t h a t  i t  has a v e ry  liigh of f i n i  ty  f o r  o:cygen (p50=0,(:3 mm Ilg) and a
h ig h  oxygen-com M ning c a p a c ity  o f  7 .0  v o ls  f: a t  pH 7.31 and 1 ^ 0
The H i l l ^ l o t s  weye f i ^ c d  by r e r r e p ^ o n  H c a lc u la te d
4rom  th e ^ lo p e s  c^ fuhe  f ^ y e s s i o n  line^/<'''"feak haem-haem in t e r a c t io n s  fo r
M eanthes (N=1,3 -1 .U) c o n t ra s te d  w ith  th e  s tro n g  f a c i l i t a t i n g  in t e r a c t io n s  
(N=3.1'r) i n  A re n ic o la ,
5.U . D isc u ss io n ,
The r e s p i r a t o iy  req u ire m en ts  o f in v e r te b r a te s  v a ry  enorm ously and 
have g iven  r i s e  to  many in te r e s t in g  a d a p ta t io n s , The oxygen e q u ilib r iu m  
d a ta  can n o t, i n  th em se lv es , fu rn is h  an adequate d e s c r ip t io n  o f  th e  
fu n c tio n  o f  haem oglobin . A d d itio n a l in fo rm a tio n  on b e h a v io u r , a r t e r i o ­
venous pOg and pH m easurem ents, c i r c u la t io n  r a t e s ,  b lo o d  p r e s s u re s ,  
and r a t e s  o f  ox^qgen consum ption i n  m o ist a i r  and i n  w a te r w ould be  
welcome•
C ir r i fo rm ia  i s  ab le  to  u t i l i z e  ox^rgen dovm to  th e  low am bient te n s io n
o f  15 p e r  c e n t  s a tu r a t io n  (Cou^ney, 19ho). i t s  h ig h  a f f i n i t y  haem oglobin
j
co u p led  m t h  a  h ig h  com bining c a p a c ity  i s  w e ll a d ju s te d  to  th e  c o n d itio n s  
o f  s te e p  £0^ g ra d ie n ts  i n  wîiich th e  anim al l i v e s .  A h ig h  a f f i n i t y  was a lso  
n o te d  f o r  C ir r i fo rm ia  s p .  by Svraney & ICLotz (1971 ) who a lso  found a  v e ry  
la r g e  Bohr s h i f t  betw een pH 6 ,5  and 7 .2 ,  S ince t h i s  ran g e  spans th e  in  
v ivo  pH v a lu e  o f  pH 7 .12 m easured i n  C, te n ta c u la ta  ( TTdWe. 3.1, th e . 
e x is te n c e  o f  a  f u n c t io n a l  Bohr e f f e c t  i s  l i k e l y .  N e v e r th e le s s , a f f e r e n t  
and e f f e r e n t  b lo o d  p H 's  and c o n d itio n s  o f  th e  w orm 's n e a r  environm ent 
ought to  be m easured i n  o rd e r to  i n t e r p r e t  haem oglooin fu n c tio n  v iitli 
more p r e c i s io n .
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H a lsb y  ( l 9 Y 0 )  d e m o n s tr a te d  a f a l l  i n  coo/gen  t e n s i o n  i n  I ie a n th e s  
b u rro w  w a te r  d u r in g  t h e  p e r io d s  b e tw e e n  b u r s t s  o f  i r r i g a t i o n *  The h ig h  
a f f i n i t y  o f  i t s  h a e m o g lo b in  may p r o v id e  an a d e q u a te  s u p . l y  o f  ox^rgen 
fro m  t h e  b u rro w  w a te r  d u r in g  t h e s e  rhytluTLical " e m e r g e n c ie s ' ' ,  t h u s  
r e d u c in g  o r  a b o l i s l i in g  t h e  a n a e r o b ic  p e r i o d  w h ic h  t h e  a n im a ls  m ig h t  
e x p e r ie n c e  b e f o r e  i r r i g a t i o n  i s  r e su m e d . .:a l.sh e  ( l 9 5 ’d ) d e s c r ib e d  a 
s i m i l a r  s i t u a t i o n  f o r  t h e  t u b i c o l o u s  l a r v a  o f  G hj.ronom us.
H a em o g lo b in  may b e  o f  a d d i t i o n a l  v a lu e  t o  I le a n th e s  a t  lo w  t i d e  when  
t h e  m u d - f la t s  a r e  e x p o s e d .  Under t h e s e  c o n d i t i o n s ,  t h e  b u rrow  e n t r a n c e s  
f r e q u e n t l y  becom e c l o s e d  b y  t h e  r e c e d i.n g  t i d e .  B e c a u se  o f  t h e  l a c k  o f  
c o m m u n ic a tio n  b e tw e e n  b u rrow  w a te r  and t h e  i n t e r s t i t i a ] .  necdum , o x y g e n  i n  
t h e  b u rro w  i s  con su m ed  w i t h o u t  b e in g  r e p l e n i s h e d .  I n  t h i s  s i t u a t i o n  i t  i s  
r e a s o n a b le  t o  c o n s id e r  t h e  b lo o d  t o g e t h e r  w i t h  t h e  b u rrow  w a te r  a s  an  
o x y g e n  s t o r e .  E x p e r im e n ts  c a r r i e d  o u t  b]/- E co n o m id es (u n p u b lis h e d )  u s in g  
a r t i f i c i a l  b e a c h e s ,  sh o w ed  t h a t  o x y g e n  i n  I le a n th e s  b u rro w s d ro p p ed  t o  
• s a t u r a t io n  a t  15^C an d  3 2 ° / qo s a l i n i t y  ( 3 . 1 2  kN m“ ^) i n  b o t h  c l o s e d  b u rrow s  
and t h o s e  w i t h  a i r  a b o v e  t h e  o p e n in g s  o v e r  a  p e r io d  c o r r e s p o n d in g  t o  a  lo w  
t i d e .  A t t l i i s  t e n s i o n ,  t h e  h a e m o g lo b in  w o u ld  b e  e x p e c t e d  t o  f u n c t i o n  i n  
o x y g e n  t r a n s p o r t .
h lie n , a s  so m e tim e s  h a p p e n s , t h e  b u rrow  e n t r a n c e s  a r e  e x p o s e d  t o  a i r ,  
i r r i g a t i o n  m u st c e a s e  and t h e  d i f f u s i o n  r a t e  o f  ox^'gen a c r o s s  t h e  a d r /w a te r  
i n t e r f a c e  d o e s  n o t  m e e t  t h e  demand f o r  ox^^gen. T h e r e  s u r f a c e  p o o l s  r e m a in ,  
b u r r o w s may b e  r e o p e n e d  and  n o rm a l i r r i g a t i o n  c y c l e s  r e su m e d . N e a n th e s  w as  
s e e n  t o  r e d u c e  i t s  m u s c le  t o n e  u n d er n e a r l y  a n a e r o b ic  c o n d i t i o n s ,  t h i s  
p r e su m a b ly  b e in g  a  b e h a v io u r a l  a d a p t a t io n  t o  lo w  o x y g e n .
J o n e s  ( 1 9 5 5 )  o b s e r v e d  t h a t  t h e  pO^ d id  n o t  f a l l  b e lo w  lU  mm Hg ( 1 . 8 6  
kN ra“ ^) i n  A r e n ic o la  b u rro w s e v e n  a f t e r  5h  e x p o s u r e  a t  lo w  t i d e .  A t t h i .s  
t e n s i o n ,  t h e  b lo o d  c a n  t r a n s p o r t  en o u g h  o x y g e n  t o  m e e t  t h e  n orm al 
r e q u ir e m e n ts  o f  t i ie  a n iim a l, a ssu m in g  a  m o d e s t  in te g u m e n ta r y  g r a d ie n t  o f  
10 mm Hg ( 1 . 3 3  kN m"^) a c r o s s  t h e  s i t e s  o f  u p t a k e ,  and t l i e r e  i s  no n e e d  to
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co n d id e r th e  b lo o d  as  an oxygen s to r e  as d id  Borden (1/31 ) end B a rc ro i t  1 
Bar c r o f t  ( l 92l|.). P r ir ia ry  s to ra g e  fu n c tio n s  o f  th e  b lo o d  a re  u s u a l ly  
a s c r ib e d  o n ly  to  th e  n o n -v a sc u la r  Tiirnents o f p o ly c lia e te s  (Jo n e s , 1963)* 
N eanthes and I r e n ic o la  do n o t p o s se ss  coelom ic p igyicnts and t h e i r  
v a s c u la r  f lu i d s  can n o t be s t r i c t l y  re g a rd e d  as s to ra g e  system s*
On th e  b a s i s  o f  f u n c t io n ,  N eanthes and I r e n ic o la  f a l l  in to  J o n e s 's  (l9 ?2 ) 
categorj^  o f  "low te n s io n  t r a n s p o r t  from  low am bient pCp". T his grouping i s  
c h a r a c te r iz e d  by m odest in te ra ra e n ta ry  [y a d ie n ts  and a llow s f o r  f u l l  
venous s a tu r a t io n  under "norm al" c o n d itio n s*  Thus th e  pigpiont may assume 
an "emergency" r o l e  w ith  ev e ry  i r r i g a t i o n  p au se , even when th e  w a te r 
above th e  bui-row i s  w e ll  o xygenated . C ir r i fo rm ia  canno t be  c a te g o r iz e d  
so sim ply  s in c e  i t  i s  th e  pOp [y ad i.en t, r a th e r  th a n  th e  am bient te n s io n  
alone,^which th e  haem oglobin i s  ad ap ted  f o r  f u n c t io n in g .
Because th e  se a  te m p e ra tu re s  a re  low , and GOp i s  h ig h ly  s o lu b le  in  
w a te r ,  m arked a r te r io -v e n o u s  £COp g ra d ie n ts  a re  u n l ik e ly  and an a f f e r e n t /  
e f f e r e n t  pH d if f e r e n c e  i s  a n e c e ssa ry  req u ire m en t f o r  an o p e ra t io n a l  Bolir 
e f f e c t*  I t  i s  th e r e f o r e  n o t  s u rp r is in g  t h a t  N eanthes has no Bohr e f f e c t ,  
b u t  i t  i s  much more d i f f i c u l t  to  e x p la in  th e  m oderate s h i f t  n o te d  i n  
A re n ic o la  by  Toulmond ( I9 ? 0 a ) ,  A Bolir e f f e c t  would be  even l e s s  l i k e l y  to  
be  o f  s ig n if ic a n c e  i n  an im als i f i th  low m e tab o lic  requJ.rem ents end co u ld  
even p ro v e  d isad v an tag eo u s  a t  low t i d e  i f  th e  burrow  w a te r £0p accum ulated*
R ecent ev idence  su g g e s ts  t h a t  th e  above accoun t o f  th e  Bohr fu n c tio n
o f haem oglobin may b e  o v e rs im p lif ie d *  Toulmond (1973) found th at the pH o f
th e  p re b ra n c h ia l  b lo o d  i n  A ren ico la  dropped from  7*^8 to  7*35 a f t e r  hh
em ersion  and th e  i n t e r n a l  pOp f e l l  to  1 *0 mra Hg. He deduced a pGOp in c re a s e
from 0 .8  to  2 .It mra Hg and a s h i f t  i n  th e  p50 from  2 .3  to  3*U mm Hg under ,
th e  above c o n d i t io n s .  But if^  as Toulmond s u g g e s ts , m ost o f  t h i s  pH drop
may b e  accounted  f o r  by  a c id  p ro d u c ts  o f  an ae ro b ic  r e s p i r a t i o n ,  th e n  th e
d ed u c tio n s  about pCO„'s and th e  Bohr e f f e c t  maj  ^ n o t b e  v a l rd  and th e  ^  2
e x is te n c e  o f a f u n c t io n a l  Bohr s h i f t  rem ains unconfirm ed . I t  may be- t h a t ,
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d u rin g  an ae ro b ic  p e r io d s ,  th e  haem oglobin assumes a p rom inen t r o le  in  
a c id -b a s e  b a la n c e  to  p r o te c t  th e  an im al from a c id o s i s .
’D ales (l93’8) showed t h a t  a lth o u g h  g lycogen  was m e ta b o lis e d  d u rin g  
a n a e ro b io s is  i n  .A ren ico la , th e re  was no sc cum ula tion  o f l a c t i c  o r  p y ru v ic  
a c id s .  He concluded  t h a t  o th e r  m e tab o lic  a c id s  w ere in v o lv ed  a n d /o r  th e  
p ro d u c ts  Mere e x c re te d . On th e  o th e r  hand , i n  H esn tnes , l a c t i c  a c id  was 
p roduced  as g lycogen  was d ec re ase d  du rin g  an ae ro b ic  p e r io d s  (icionomides, 
u n p u b lis h e d )# R e te n tio n  o f  th e s e  a c id s  m ight be a d i s advan tage to  
A re n ic o la  b ecau se  o f  th e  Bolir s h i f t ,  b u t  o f  l i t t l e  consequence to  lTeanth.es.
The sigm oid n a tu re  o f  th e  e q u ilib r iu m  cirrve i s  u s u a l ly  q u a n t i f ie d  by  
N, H i l l ' s  c o e f f i c i e n t  and i s  th e  s lo p e  o f  th e  double lo g  p l o t  o f  th e  d a ta .  
H anw ell ( 1963 ) c o n s id e re d  sigm oid cu rv es  to  b e  th e  r e s u l t  o f  n a tu r a l  
s e l e c t io n  f o r  a  v e ry  narrow  range  o f  i n t e r n a l  £C)p ' s . He f u r th e r  su g g es ted  
t h a t  haem oglobin i n  A re n ic o la  se rv e d  to  m a in ta in  a  low venous £0^ and 
th e re f o r e  p r o te c t  th e  t i s s u e s  from oxygen p o is o n in g . The shape o f  th e  
e q u ilib r iu m  cu rv es  o f  haem oglobin from  N eanthes and C ir r i fo rm ia  approx im ates 
a  r e c ta n g u la r  hg^perbola b u t  i n  c o n t r a s t  w ith  A re n ic o la , th e s e  b lo o d s can  j 
g iv e  up th e  m ajor p a r t  o f  t h e i r  lo a d  o n ly  i f  th e  venous £0^ i s  v e ry  low . 
N eanthes and C ir r i f o rm ia  w ere k e p t i n  a e ra te d  s e a  w ater f o r  s e v e ra l  months T 
and d id  n o t  develop th e  symptoms o f  oxyyen p o iso n in g  o b serv ed  i n  A re n ic o la  : 
b y  Manwell (1963^, and i t  i s  th e i^ o re  u n l ik e ly  t h a t  th e s e  haem oglobins T 
f u n c t io n  to  m a in ta in  a  low in t e r n a l  ox^/gen t e n s io n .  This theme has been  
f u r th e r  expanded i n  S e c tio n  T.U*
Haem-haem in t e r a c t io n s  may, acco rd in g  to  M arniell (1961|), f u n c t io n  in  j
■ 1
in v e r t e b r a te s  by  f a c i l i t a t i n g  th e  t r a n s f e r  o f  oxygen to  iiyroglobin i n  th e  
m uscles o f  an im als p o s se s s in g  t h i s  p ig m en t. N eanthes and C ir r i fo rm ia  do 
n o t appear to  have m yoglobin , b u t  i t  would be  i n t e r e s t i n g  to  have 
in fo rm a tio n  f o r  o th e r  worms on th e  d i s t r i b u t i o n  o f  im /oglobin and i t s  
p o s s ib le  c o r r e l a t i o n  w ith  haem c o o p e ra tiv ilty  o f  v a s c u la r  haem oglobins.
Haem in t e r a c t io n s  may be e l im in a te d  by  e x te n s iv e  p u r i f i c a t i o n  as n o te d  by
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Manwell ( 1963) ,  and f r e s h  whole b lo o d  o r  c e l l  susTxensions may be a 
more r e l i a b l e  gu ide to  tlie  in te r rx r e ta t io n  o f  i n  vj.vo fu n c t io n  • To 
r e a l i s e  th e  a d a p tiv e  s ig n if ic a n c e  o f  th e s e  p a ra m e te rs , i t  i s  th e re fo r e  
p r e f e r a b le  to  e:-:amine c a r e f u l ly ,  th e  c o n d it io n s  under *.jhich th e  
r e s p i r a t o r y  p igm ent i s  b e l ie v e d  to  f u n c t io n .
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6 HAEMOGLOBIN BUNCTICH IN TER BVLLA LABIDARIA L . ,  AN IHÏTTRTIDAL 
TIlRKBELLIB BCLYCH.Ai.TE.
6.1 A b s tr a c t .
E q u ilib riu m  d a ta  f o r  th e  c e l l  haem oglobin o f  T e re b e lla  l a p id a r i a
have been  d e te rm in ed  f o r  t l i r e e  te m p e ra tu re s  w itl i in  th e  range l i k e l y  to
be  ex p erien ced  by  th e  an jjria ls . The p50 o f th e  c e l l  haem oglobin i s  2 .0  mm
Hg a t  15^C, and i s  s e n s i t i v e  to  te m p e ra tu re . hP was c a lc u la te d  to  be
-13 k c a l  mol (5U kJ  mol ) .  The p50 o f  th e  v a s c u la r  haem oglobin i s  3 .0
mm Hg a t  l5^C, su g g e s tin g  a t r a n s f e r  sjrstem . H i l l ' s  c o e f f i c i e n t ,  H, i s
1*33-1 .US f o r  th e  c e l l  haem oglobin in d j .c a tin g  some haem-haem in t e r a c t io n ;
th e  v a s c u la r  haem oglobin  shows s tro n g  in t e r a c t io n ,  11=2.7, b u t  N te n d s  to
1 .0  a t  low s .  The c e l l  haem oglobin shows no s ig n i f i c a n t  Bohr s h i f t
v ji th in  norm al p h y s io lo g ic a l  pH 's  (pH 6 .5 0 -7 * 2 8 ). Oxygen-combining
c a p a c i ty ,  haem oglobin c o n c e n tra t io n  and t o t a l  b lo o d  volume have been
e s tim a te d . The r e s p i r a t o r y  r a t e  o f norm al and C O -trea ted  worms i n  m o ist
a i r  and i n  an air-CO m ix tu re  has been  d e te rm in ed . The re sp ira to iy ^  r a t e
2
o f  norm al and C O -trea ted  coelom ic c e l l s  was m easured. The s ig n if ic a n c e  
o f  th e s e  d a ta  i s  d is c u s s e d  i n  r e l a t i o n  to  a c t i v i t y  and s u rv iv a l  o f  th e  
worms d u rin g  th e  i n t e r t i d a l ,  p e r io d ,  lie conclude th a t  0 ^ - t r a n s p o r t  i s  
p o s s ib le  i n  m o is t a i r  b u t  t h a t  a c t i v i t y  i s  red u ced  a t  low pC)^  ' s # The c e l l  
haem oglobin w ould p ro v id e  a s to r e  f o r  o n ly  p a r t  o f  th e  3-Wi p e r io d  
f o r  wliich th e  worms a re  commonly exposed .
6 .2  I n t r o d u c t io n .
T e re b e lla  l a p i d a r i a  L . i s  a sm all t e r e b e l l i d  common in  c re v ic e s  i n  
th e  m i d - l i t t o r a l  zone o f  roclrg sh o res  i n  th e  lly m o u th  a r e a .  The coelom : 
c o n ta in s  abundant coelomoc%qbes charged  "viith haem oglobin i n  s u f f i c i e n t  
q u a n t i ty  to  g iv e  th e  worm, a b r ic k  re d  c o lo u r .  T .l a p i d a r i a  a lso  has a 
d i s c r e t e  v a s c u la r  system  wi-th haem oglobin d i.sso lv ed  i n  th e  p lasm a. .Jhen
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co v ered  by  th e  t i d e  th e  worm, i r r i g a t e s  i t s  burrow  in te z v i i t te n t ly #  
bTien r e v e a le d  by  th e  t i d e  i t  can n o t do so , and i s  l e f t  in  a t h in  f i lm  
o f  w a te r o r  i n  m o is t a i r  f o r  3-h  h o u rs ,  i.-e th o u g h t i t  was o f  some 
i n t e r e s t  th e r e f o r e  to  d e te n in n e  th e  oxygen equi-libriurn. c h a r a c t e r i s t i c s  
o f  th e s e  p ig m en ts .
Kany t e r e b e l l i d s  have coelom ocytes co n ta j.n in g  haem oglobin, T e re b e lla
c e l l s  a re  n o ta b le  f o r  th e  h ig h  c o n c e n tra t io n  o f  th e  p igm en t. Coelomocyte
haem oglobins have been  d e sc r ib e d  from  th e  t e r e b e l l i d s  P i s t a  p e c i f i c a  by
T e r v i l l i g e r  and K oppenheffer (1973), T helepus c r is p u s  by  G a rlic k  &.
T e n - i l l i g e r  (197U) and A m p h itrite  o rn a ta  by  I langum (pe[ ,^igP . O ther
p o ly c h a e te s  l i t h  c e l l  haem oglobins w hich have been  in v e s t ig a te d  a re  th e
cu
o p h e l i id  T r a v is ia  pupa (M anwell, I9 6 0 ) , O lycera  g ig a n te a  (T eber, 1973) 
and G.d ib r a n c h ia ta  (Hoffmann d  Mangum 1970, V inogradov e t  a l .  1970, 
ü z u k a m i & V inogradov 1972, Searaonds e t  1971 a ,b ,  and Mangum d  
Oar h a r t  1972). Most s tu d ie s  have been  made l i t h  p u r i f i e d  exctracts  i n  
b u f f e r .  Weber (1973) how ever, has de term ined  th e  oxygen e q u i l i b r i a  f o r  
w hole G .g ig a n te a  c e l l s  u s in g  th e  d i f f u s io n  chamber method o f  S ick  &
G ersonde (1969) and Mangum c-.-Carhart (1972) have a lso  d e term ined  th e  
oxygen e q u i l i b r i a  o f  G. d ib r  ancM  a t  a  c e l l s  i n  su sp e n sio n . We have used  
w hole b lo o d  o r  w hole coelom ic f l u i d  u s in g  th e  m icromethod d e sc r ib e d  Iq- 
S e c tio n  2 .3*  i- .■
6 .3  M aterials and methods.
Specimens w ere c o l le c te d  from ro c ly  c re v ic e s  o f  th e  m i d - l i t t o r a l  
zone a t  Wembury i n  Devon.
Coelomic f l u i d  volum es were e s tim a te d  by  p h o to m etric  d e te rm in a tio n  
o f  exctracted  haem oglob in . Erythroc^dxes w ere d is ru p te d  u l t r a s o n ic  a l ly  and 
c e n t r i f u g e d  a t  5 ,000 £  to  remove d e b r is  and th e  haem oglobin exdxract was 
p a s se d  tlirough  a  300 x  10 mm a].umina column to  remove f a t s .  Absorbance 
was m easured a t  5U0 nm i n  a Beclcnan DB-G sp e c tro p h o to m e te r .
«Aesrial re sp ira tio n  ra te s  were oetarmined ■usdng tîie ïaetliod described In  Section 2 #7 4 
The worms used in  these exqperiments were selected  to  e lim n a te  d ifferences i n  t5i© 
re sp ira to ry  ra te  due to sice# Txie mean fresh  weight end standard deviation were 
0*3U j; 0 .5  g# One to 3 worms were used fo r  each deterraina*tlon as wtiere tlie oxygon 
consumption r a te  was low (e .g . a t  0.5^C) i t  was convenient to  use m re  than one 
animal in  tjrie re sp ira tio n  chamber. The numbers o f animals end determinations are 
given in  tli© re s u l ts  in  Table 6.1 together w ith the experimental temperatures 
and otîîer treatm ent.
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E ry th ro c y te s  and coelom ic f lu j .d  ire re  t e s t e d  f o r  th e  p re se n c e  o f  
c a rb o n ic  anhydrase by  e s tim a tin g  t h e i r  e f f e c t  on th e  r a t e  o f CC  ^
h y d ra tio n  (S e c tio n  2 # 2 .) ,
Oxygen-combining c a p a c i t i e s  and e q u ilib r iu m  d a ta  w ere o b ta in e d  from  
w hole b lood  a t  9 ° , 15^ and 25^0 a t  pH 6 ,h 6  and 7 .28 u s in g  th e  m icro­
method d e sc r ib e d  in  Section 2 .3  b a se d  on th e  p r in c ip le  t h a t
bound oxygen i s  r e le a s e d  by excess f e r r ic y a n id e  s o lu t io n ,  th e  in c re a s e  
i n  oxygen te n s io n  b e in g  m easured w ith  a PtS.diometer E50U6 e le c t r o d e  i n  
c o n ju n c tio n  id .th  th e  BIiS2 a p p a ra tu s .
Animals w ere b le d  soon a f t e r  r e tu r n  to  th e  la b o ra to r y  and f r e s h  
w hole b lo o d  was u sed  f o r  a l l  e q u ilib r iu m  s tu d i e s .  Coelom ocytes were 
c o l le c te d  by  maldng a sm all in c i s io n  i n  th e  ho&f w a l l .  B lood was c o l le c te d  
from  th e  d o r s a l  v e s s e l  i n  g la s s  c a p i l l a r i e s  a f t e r  opening  th e  body 
c a v i ty ,  r in s in g  w ith  s e a  w a te r , and d ry in g  w ith  f i l t e r  p a p e r .
The pH o f  w hole coelom ic f l u i d  was m easured an ae ro b ic  a l l y  w ith  a  
R adiom eter G 298A c a p i l l a r y  m ic ro e le c tro d e  and PHI 71 a n a ly s e r  (S ection  
2 .1 ) .  The e f f e c t  o f  pH on th e  e q u ilib r iu m  s t a t e  was examined a f t e r  
re su s p e n s io n  o f  c e l l s  i n  a s im i la r  volume o f  phosphate b u f f e r  a d ju s te d  
to  iJ i th  NaCl.
The p re se n c e  o f  l a r g e  q u a n t i t i e s  o f  fa .t i n  th e  coelom ocytes made i t  
im p o ss ib le  to  e s tim a te  haem oglobin c o n c e n tr a t io n  d i r e c t l y  by  th e  
cyanm ethaem oglobin m ethod. Haemoglobin c o n c e n tra t io n  was th e r e f o r e  
e s tim a te d  by  m easurem ent o f  oxygen-com bining c a p a c i ty  b ased  on Hie 
assum ption  t h a t  1 v o l . /  i s  e q u iv a le n t to  0 ,7h6  g haem oglobin  p e r  130 ml 
b lo o d .
^  O f f .
6.U R e s u l ts .
6.U .1 A e r ia l  r e s p i r a t i o n
R ates o f  oxygen consung^tion a t  s e v e ra l  te m p e ra tu re s  a re  sum narised  
i n  th e  form  o f . r e g re s s io n  e q u a tio n s  i n  T ab le  6 .1 .  rYesh w e ig h ts  have 
been  u sed  tliro u g h o u t. /Also p re s e n te d  a re  r a t e s  f o r  worms t r e a t e d  w ith
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carbon  monoxide and th o se  k e p t i n  r  e sp i ro n  e t  e r  s i n  w hich CO  ^ was *
m a in ta in e d  a t  Oxygen consuraption x i t l i  tim e was l i n e a r  i n  a l l
'Ihk k iijp/taK<j V(Msfy<^ kcl ;nfi(r(>'0,
experim en ts  a f t e r  i n i t i a l  ad ju stm en t to  th e rm al shock.^The i n i t i a l  r a t e  
change e x p la in s  th e  sm all p ro je c te d  in t e r c e p t s  i n  th e  r e g r e s s io n  
e q u a t io n s .  Monoxide tre a tm e n t/^ s l ig h t ly  d e p re sse d  th e  consum ption r a t e  a t  
20°C. how ever, 2 .5 /  00^ g r - a t l y  red u ced  th e  oxygen consum ption .
A more d e ta i le d  a n a ly s is  o f  th e  te m p e ra tu re  e f f e c t  on q u ie sc e n t VC  ^
i s  g iv en  i n  th e  A rrh en iu s  p l o t  o f  Iklg.6.1 and in d ic a te d  a complex 
r e la t io n s h ip  n o t s im ply  d e sc r ib e d  by  in v a r ia n c e  o r  dependence o f  r a t e  vTith , 
te m p e ra tu re . The ran g e  o f  te m p era tu re s  covered  th e  extrem es t h a t  th e  ,
I
an im als m ight en co u n te r i n  n a tu re .  I
6.Li..2 Oxygen e q u ilib r iu m
E q u ilib riu m  d a ta  f o r  th e  c e l l u l a r  haem oglobin a t  3 te m p e ra tu re s  a re  
p lo t t e d  as H i l l  t r a n s fo rm a tio n s  i n  i ' i g .6 .2 .  The v a s c u la r  b lo o d  d a ta  fo r  
15°C QfÉ s im i la r ly  p re s e n te d  In  f i g . 6 .3  and b ip h a s ic .  The low er p50 
(2 .0  mm Hg) o f  th e  c e l l  haem oglobin c o n t r a s t s  v jith  a v a s c u la r  £56 o f
3 .0  mm Hg a t  l5°C , s u g g e s tin g  a t r a n s f e r  system . The v a s c u la r  pigm ent 
c i r c u l a t i n g  th ro u g h  th e  g i l l s  cou ld  t r a n s f e r  oxygen to  th e  iiig h e r a f f i n i t y  
coelom ic haem oglobin .
H i l l ' s  c o e f f i c i e n t ,  N, i s  a m easure o f  th e  i n t e r a c t io n  betw een haems. 
For c e l l  haem oglobin t h i s  was 1.33-1 . I l8 in d ic a t in g  some in t e r a c t i o n .  The 
v a s c u la r  haem oglobin i s  b ip h a s ic  in d ic a t in g  s tro n g  in t e r a c t io n s  (N = 2 .7 )  
b u t  N te n d s  tow ards 1 .00  a t  v e ry  low £C'g ' s .
The la c k  o f  change i n  c e l l  haem oglobin p50 betw een pH 6 .50  and 7*28 
i s  shown i n  f lg .6 .U .  These pH v a lu e s  span th e  m easured v ivo  pH o f 
6 .9 0 . The p ro ced u re  a p p a re n tly  a l te r e d  th e  p o s i t i o n ,  b u t  n o t th e  shape o f 
th e  c u rv e . The s l i g h t  change i n  N (1 .2  to  1.U) i s  w iü io u t p h y s io lo g ic a l  
s ig n i f i c a n c e .
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3 pouinsuoo 0
î l g u r e  6 .1 .  A rrh en iu s  p l o t  o f  oxygen consum ption r a t e  v e rsu s  
te n p e ra tu r e  f o r  T e re b e l la  i n  m o is t a i r .
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f ig u r e  6 ,2#  Oxygen e q u il ib r iu m  d a ta  f o r  th e  coelom ic c e l l
haem oglobin o f  T e re b e lla  a t  9 ° , and 6 ^ 0
p lo t t e d  ac c o rd in g  to  th e  h i l l  e q u a t io n .
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PLgure 6 .3 •  Oxygen eq -u ilib rinm  d a ta  f o r  th e  v a s c u la r  haem oglobin
o f  T e re b e lla  a t
In  T erebella ,the volume of vascular blood was 
too small to ^ake a pH measurement.
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F ig u re  6,U* H i l l  p l o t s  to  show th e  e f f e c t  o f  hydrogen io n  
a c t i v i t y  on th e  ojc '^-gen e q u ilib r iu m  o f  th e  
coelom ic c e l l  haem oglobin  a t  25°G .O = pll 6.3'ü 
and □ = pH 7*28.
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6.U*3 C3<ygen-combining c a p a c i t i e s .
A mean v a lu e  o f  3*6+0.2 v o ls  i  uas o b ta in e d  from th e  coelom ic f l u i d
o f 12 norms a t  I^^C . The v a s c u la r  b lo o d  from a p o o led  sam ple o f  20 norms
%
was e s tim a te d  to  have an ox^/gen-combining c a p a c ity  o f  3*1 v o ls  ^.yyThis 
v a lu e  i s  s im i la r  to  t h a t  o b ta in e d  by  Mangum & Car h a r t  (1972) f o r  
G ly cera  d ib ra n c h ia ta  c e l l s .
6*li.*U Haemoglobin c o n c e n tr a t io n .
M easurement o f  th e  haem oglobin c o n te n t o f  coelom ocj^tes u s in g  th e  
cyanraethaem oglobin method va s  made d i f f i c u l t  because  o f  th e  f a t s  i n  th e  
c e l ls *  Some an im a ls , how ever, y ie ld e d  haem oglobin w hich d id  c o n v e rt to  
a  t r a n s p a re n t  cy anmethaemo g lo b in  s o lu t io n  s u i t a b le  fo r  sp ec tro p h o  tome t r i e  
m easurem ent and we have no re a so n  to  b e l ie v e  t h a t  th e se  had  abnormal 
haem oglobin c o n te n ts .  An e s tim a te  o f  c o n c e n tra t io n  u s in g  t h i s  method was
I4.2 g haem oglobin p e r  100 ml coelom ic f l u i d .  The coelom ocytes ta k e  up 
li2% by volume o f  th e  coelom ic f l u i d  (T able 3 .1  ) •  A d i f f e r e n t  approach
to  th e  d e te rm in a tio n  o f  haem oglobin c o n c e n tr a t io n  w hich i s  n o t in f lu e n e e d  
by  haem oglobin d e r iv a t iv e s  such as me th  aemo glob i n , i s  b a sed  on th e  
assum ption  t h a t  1 y o 1»%  i s  e q u iv a le n t to  0 ,7 ^6  g haem oglobin p e r  100 ml 
blood#
Both th e  cyanm eth aemo g lo b in  metliod and ovorgen capacit^^ depend on haem 
u n i t s .  From th e  d a ta  g iv en  above, th e  mean c o n c e n tra t io n  o f  c e l l  
haem oglobin was 2 .7  and th e  v a s c u la r  haem oglobin 2 .3  g/'-»* I n  any case  
we found no ev idence o f  m ethaem oglobin fo rm a tio n  i n  e i t h e r  f r e s h  b lo o d  
o r  i n  s o lu t io n s  s to r e d  f o r  s e v e ra l days a f t e r  e x t r a c t io n  from  c e l l s  
fo llovJing  p assag e  th ro u g h  a 3OO x 10 mm G2^ Oephadex colum n. There was no 
r i s e  i n  a b so rp tio n  n e a r  630 nm wliich would have in d ic a te d  methaemoglobin#
4 Onl^  4/p Cmld k  camt/f oui 4  6/W
N evertheless, an approximate estim ate o f the volume o f vascu lar blood was 
obtained by c o lle c t in g  the f lu id  from punctured v e sse ls  a fter  the coelom had ' 
been drained, r in sed  and b lo tte d  dry# This volume varied  between 0#8 and 1 # 0 ^  
in  worms w ith  a mean fre sh  weight o f 0#3U ±  0 . 0  ^ g# I t  i s  c lea r  th erefore , th at 
the vascu lar blood i s  le s s  than o f the to t a l  body volume#
8U
and coelom ic f l u i d  
6 #L*h Blood^volum e.
A mean v a lu e  o f  37/  ^ o f  th e  t o t a l  body volume r e p re s e n ts  th e  coelom ic
f l u i d .  E s tim a te s  ran g ed  from 281 to  I16I  i n  I 6 worms w ith  a mean f r e s h
w e ig h t o f 0.3U±0#05 g . I t  i7as n o t p o s s ib le  to  c a lc u la te  th e  sm a ll volume
^  5 e e  o p p ,
o f  v a s c u la r  b lo o d  u s in g  th e  same te c h n iq u e . N e v e r th e le s s , knotJing th e
amounts o f  b lo o d  w hich coL]ld be c o l le c te d  i n y ^ c r o p i p e t ^ s  f o r  th e  
oxygen e q u ilib r iu m  studiyés, i t  may b e  assim/ed t h a t  th e  v a s c u la r  b lo o d  i s  
l e s s  th a n  o f  th e  t o t a l  body volum e.
6 .U .6  Carbonic an h y d rase .
T h is  enz^ame i s  knotm to  occu r i n  s e v e ra l  p o ly c h a e te s  where i t  
p ro b a b ly  e x p e d ite s  th e  rem oval o f CO (S e c tio n  ij.*3)*' I  c o u ld  n o t d e te c t
i t  e i th e r  i n  th e  coelom ocytes o r  i n  th e  coelom ic f l u i d .
6 .L .7  R e s p ir a t io n  o f  c e l l s .
The coe lom ocy tes, w h ile  c o n ta in in g  haem oglobin , a re  o f  co u rse  a c t iv e ly  
r e s p i r i n g .  T m easured th e  d e c l in e  i n  oxygen te n s io n  v jith in  th e  sinringe^ 
u sed  to  o b ta in  an ae ro b ic  a l l y  a sam ple o f  w hole coelom ic f lu id ^  There w e re  
no gam etes. The r e s u l t s  o f  th e se  d e te rro in a tio n s  a re  shown g ra p h ic a l ly  i n  
F ig .6 . 6 . The d e c lin e  i n  oxygen te n s io n  from  23-11 mm Hg re p re s e n ts  a 
consum ption r a t e  o f  6 .2  jü. O2 ml h  w hole coelom ic f l u i d .  T h is r a t e  
d ec re a se d  below  11 mm Hg. A fte r  tre a tm e n t w ith  GO,., th e  VO  ^ was m a in ta in e d  
down to  th e  c r i t i c a l  pO^ o f  0 .5  mm Hg. The d if f e r e n c e  g iv e s  a m easure o f  
th e  c o n t r ib u t io n  made by  th e  ox^ -^gen h e ld  i n  th e  c e l l  haem oglobin a t  pO^ 
v a lu e s  l e s s  th a n  11 mm Hg. The c r i t i c a l  pO^ was reac h ed  i n  27 min w ith o u t 
th e  haem oglobin (CO-t r e a te d )  b u t  th e  c e l l s  w ere a b le  to  c o n tin u e  r e s p i r in g  
f o r  about 1h  when no rm al.
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F ig u re  6 .5» f l o t  o f  l /£ 5 0  v e rsu s  1/T°K i n  th e  te m p e ra tu re  ra n g e  
9 to  25^0 f o r  th e  exo therm ic  r e a c t io n  o f  o^cygen w ith  
th e  coelom ic c e l l  haem oglobin* See p89 f o r  d e ta i l s *
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Plgure 6#6* The resp ira tory  ra te  o f  T erebella  coelom ocytes a t 20°G 
■with, ( O ) and -without ( V ) haemoglobin* The volime 
o f f lu id  i s  2^6  j j l »
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6*5 D isc u ss io n ,
The s e n s i t i v i t y  o f  th e  iio d e r" te ly  I ot-j to  tem perc tu re  o f  th e  
c e l l  haem oglobin i s  d em onstra ted  in  r i g . 6 .2 ,  th e  p^O r i s i n g  w ith  
in c re a s in g  te m p e ra tu re . T his r e d u c t io n  o f  oxygen a f f i n i t y  i s  r e l a t e d  to  
th e  exotherm ic n a tu re  o f  th e  orr/'genation  r e a c t io n .  The q u a n t i t a t iv e  
r e la t io n s h ip  betw een th e  v a lu e s  o f  th e  e q u ilib r iu m  c o n s ta n t  (l/p ^O ) and 
th e  a b so lu te  te m p e ra tu re  o f  th e  r e a c t io n  a rc  g iven  i n  f i g . 6 ,5* rf'om th e  
in t e g r a te d  form o f  th e  v a n 't  Hoff e q u a tio n .
AH° = lt.576 T1.T2 lo g
T2-T1
pgO'
phü" c a l  mol“ \
w here
= h e a t  o f  oxygenation  
T1 ,T2 = low er and h ig h e r  te m p era tu re s  i n
p50 ‘ ,p50" = h a l f - s a t u r a t i o n  pOg' s a t  T1 and T2,
AH° f o r  th e  T e re b e lla  coelom ic haem oglobin was c a lc u la te d  to  b e  -1 3  k c a l
— 1 —I • —1mol" (5U k J  mol" ) w hich f a l l s  w ith in  th e  ran g e  -10  to  - l 5  k c a l  mol"
_ -1
(lj2-63 k J  mol" ; o b served  f o r  m ost haem oglobins (E ley , 19U3; A n to n in i & 
B ru n o r i,  1971)* T his i s  in t e r p r e te d  as in d ic a t in g  a d e f in i t e  c o n f ig u ra t io n ­
a l  change i n  th e  p r o te in  m oiety  upon ox^^genation, oxyhaem oglobin b e in g  
th e  more "o rd e red "  form  o f  th e  p r o te in .
R ece n tly  Weber (1972) p o s tu la te d  t h a t  th e  low AH^of -2 .2  k c a l  mol"^ 
(9 .2  k J  mol" ) f o r  A re n ic o la  m arina  haem oglobin may r e p r e s e n t  an eco - 
p h y s io lo g ic a l  a d a p ta t io n  by  sa fe g u a rd in g  th e  h ig h  oxygen a f f i n i t y  under 
c o n d itio n s  o f  h ig h  te m p e ra tu re . R o s s i-F a n e l l i  <sc A n to n in i (i960 ) su g g ested  
t h a t  th e  v e ry  low AH° o f  - l . b  k c a l mol"^ (7 .5  k J  m ol"^) o f  tu n a  
haem oglobin was a lso  r e l a t e d  to  th e  r a p id  te m p e ra tu re  changes th e  f i s h  
e x p e r ie n c e s . T e re b e lla  l a p id a r i a  m ight be  ex p ec ted  to  ex p e rien ce  some 
te m p era tu re  v a r i a t io n  e s p e c ia l ly  on r e tu r n  o f  th e  t i d e  y e t  th e  £30 i s
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s e n s it iv e  over the range the worm i s  l ik e ly  to experience. G srlick  c: 
TervTilliger (197U) found a o f -b .U  keel mol"  ^ (35 kJ mol"^) for  the 
coelomic c e l l  haemoglobin o f the polychaete Thelepus c r isp u s .
The suggestion th at an invertebrate blood might serve as an oxygen 
sto re  to supply the animal when the t id e  was out was o r ig in a lly  advanced 
by Bar cro ft & B arcroft ( 192I4.) for  A renicola marina. Borden (1931 ) 
confirmed the Bancrofts' fig u res  which seemed to indiea.te that the 
haemoglobin could store  enough oxygen for a su b stan tia l period . I t  i s  
unfortunate th a t these arguments were ever made fo r  they were based 6n 
inaccurate and absurdly liigh blood volume^ the most recent determinations 
by Toulmond (1971) and iUyalcrinskaya (1972) confirming the conclusions 
o f E li as sen (1955) th at the length  o f tijme such a store  could la s t  was 
lim ited  to a few m inutes, -ih ile i t  seems u n lik e ly  th erefore th at vascular  
haemoglobin could act as a long term store owing to the r e la t iv e ly  small 
blood volumes, th is  does not preclude the p o s s ib i l i t y  th at c e llu la r  
haemoglobins could do so .
T erebella  ir r ig a te s  i t s  tube by p u lsa tion s o f the body w all when 
covered by the t id e ,  and recordings o f  activ i.ty  ua&ng=methdds%dësôrrb^ 
b-§fars~ (D ales, I 961) deraonstrated the usual pattern o f  a c t iv ity  in  such 
worms wlrich i s  one o f ir r ig a t io n  a ltern atin g  t-rith short periods of r e s t .
I t  i s  p o ss ib le  th a t the store o f oxygen in  the coelomocytes i s  o f use 
during pauses in  ir r ig a t io n  when the pC^  may f a l l  in  the water 
immediately surrounding the worm, idien the t id e  i s  out, the crev ices  
drain and the worms are e s s e n t ia l ly  in  m oist a ir  or re ta in  only a film  
o f water around th e ir  b o d ies . Under these conditions the g i l l s  co llap se  
and the contribution  o f  the vascular system  may be reduced, but because 
th e  p 5 0 's  o f b o th  vascular and c e l l  haem oglobins are 3-U mm Hg at l5°C 
the haemoglobin could function  dovm to low p C i 's  by v ir tu e  o f the tliin  :
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d o rs a l  body w a ll and c i r d i l a t io n  o f th e  coelom ocytes T .âthin. A pplying
a d i f f u s io n  c o e f f i c i e n t  f o r  oxygen a c ro s s  m uscle (Krogh 19Ul) ^  VO^  o f  
•“1 —1127 ^  Og g h c o u ld  be m a in ta in e d . The coclom i s  cont:’nuous i n  th e
m ain p a r t  o f th e  body , th e  d o rs a l wa31 b e in g  o n ly  0 . 1- 0 .2  mm i n  th ic k -
2n ess  and p re s e n ts  an a re a  o f  about 120 mm i n  a worm o f  0 .3 2  g f r e s h
w e ig h t. Thus a e r i a l  r e s p i r a t i o n  co u ld  be c o n tin u e d  and. th e  s to r e  w ould
be draxm upon i f  th e  pO^ f e l l .
Use o f  KCII i n  re s p iro m e te r s  to  remove CO  ^ p re s e n ts  an u n n a tu ra l
s i t u a t io n  to  th e  an im a l. Replacem ent o f  KCII w ith  a GO ^-buffer c o n ta in in g
ca rb o n ic  anliydrase overcomes t l i i s  d i f f j .c u l ty  and w h ile  i t  may be o b je c te d
t h a t  th e  pCO^ m a in ta in ed  was abnorm ally  h ig h , th e  d e p re s s io n  o f  VC^
found (T able 6 .1 )  may b e  s ig n i f i c a n t  i f  c r e ià c e s  become s ta g n a n t .
I n  T e re b e l la , th e  volume o f  v a s c u la r  f l u i d  i s  too  sm all to  be o f  use
f o r  any ex tended  p e r io d .  T e s tim a te d  th e  t o t a l  b lo o d  volume to  be  l e s s
(S e c tio n  6.U#5)
th a n  1 i o f  th e  t o t a l  body volume^ Tne coelom ic f l u i d  how ever, com prises
37)C o f  th e  body volum e. A worm w ith  a  f r e s h  w eig h t o f  0.3U g v i i l l  have
125 JfL o f  coelom ic f l u i d  c o n ta in in g  coelom ocjd:es. S ince th e  oxygen
c a p a c i ty  was e s tim a te d  to  have a mean v a lu e  o f 3 .6  v o ls  t l i i s  would
p ro v id e  L .5  ^  Og ( th e  amount i n  p h y s ic a l  s o lu t io n  t r i l l  n o t be more
th a n  0 .3  v o ls  /il). C o n d itio n s  o f  low pO^ cou ld  occur e i th e r  when th e  t i d e
if
i s  i n  and th e  worm, c e a se s  to  i r r i g a t e ,  o r  "when th e  t i d e  i s  o u t  ^ th e
a i r  s ta g n a te s  w ith in  th e  c r e v ic e ,  'de have no knowledge o f  th e  pO^ i n
c re v ic e s  d u rin g  a t i d a l  c y c le  b u t  m easurem ents o f iOp i n  m o is t a i r
in d ic a te  t h a t  a e r i a l  r e s p i r a t i o n  can be  c a r r i e d  o n . Under c o n d itio n s  o f
—1 —1p oor v e n t i l a t i o n  th e  pO^ m ight f a l l ,  Ue found a  VOg o f  127 ^1 Og g h . 
a t  20°C i n  m o is t a i r .  I f  th e  pOp f e l l  to  3-U mm Kg and tlie  worm drew 
tp o n  th e  oxjrgen h e ld  by  th e  coelom ocyte haem oglobin th e n  a l l  would be  
used  by a  worm o f  O .3I4. g f r e s h  w e ig h t c o n tin u in g  to  r e s p i r e  a t  a VCy o f 
127 ^  Og g "”* h“  ^ i n  ab o u t 6 m in. N e v e r th e le s s , th e  arguz.ient o f  Hoffmann
Tho p la s tlo  bags provided a  "crevice^ i n  wliich th© worms 
la y  in  tî’jo planes o f coî^îresslon end to- son© exten t 
Biimüàted the  na tu ra l s itu a tio n  while enabling the coelonlc 
f lu id  to  be quickly sar^ilcd» Coelomic f lu id  se rv ies wore taken 
d ire c tly  from the coelom witli a oyrlnce and analysed fo r  coi^lned 
' oxygen using tlïo method described in  Section 2*3#
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and Mangum (1970) t h a t  s to r e s  a re  o f  use  under c o n d it io n s  o f  c o n tin u o u s­
l y  d e c l in in g  p ü ^ 's  when VOg i s  l i k e r y  a lso  to  d e c l in e  i n  oxqrconform ers, 
can n o t b e  ignored*  T h e ir  a p p l ic a t io n  o f  th e  e q u a tio n
^  = -kY
dT
(where "Y" i s  th e  t o t a l  amount o f  oxygen a v a i la b le  and "k" i s  an 
e m p ir ic a l c o n s ta n t  o b ta in e d  from th e  d e c re a se  o f  Y w ith  tira e , Tj to  such  
a  s i t u a t io n  i n  G lycera  d ib ra n c l i ia ta , showed t h a t  th e  le n g th  o f  tim e 
b e fo re  a e ro b ic  shutdown was re a c h e d  was c o n s id e ra b ly  extended* The le n g th  
o f  t i n e  an oxygen s to r e  would l a s t  on th e  assum ption  th a t  was m a in ta in ­
ed i s  i n  f a c t ,  rouglxLy t r e b l e d .  I t  may a lso  b e  argued  t h a t  te irç )e ra tu res  
low er th a n  20°C irou ld  g iv e  much l e s s  YCV, when q u ie s c e n t ,  so t h a t  th e  
s to r e  would l a s t  lo n g e r .  J'-Ven so , i n  T e re b e l la , t h i s  irou ld  n o t re a c h  th e  
le n g th  o f  tim e f o r  w hich  th e  worras a re  re fp iL arly  exposed , b u t  i t  m ight 
be s u f f i c i e n t  i f  th e  worm was a b le  to  r e s p i r e  a e r o b ic a l ly  a t  f i r s t  and 
needed i t s  s to r e  f o r  p a r t  o n ly  o f  th e  i n t e r t i d a l  p e r io d .  I t  i s  a lso  
p o s s ib le  t h a t  m etabo lism  i s  p a r t l y  o r  w h o lly  an ae ro b ic  a t  low p C ^ 's .  I.- 
have found T .l a p i d a r i a  m ost abundant around m id - t id a l  l e v e l  where 
exposure may be  as lo n g  as 3 -l|h .
To t e s t  some o f  th e s e  id e a s  1 k e p t worms i n  p l a s t i c  bags th ro u g h  
w hich h u m id if ie d  a i r / n i t r o g e n  m ixitures w ere m a in ta in ed  f o r  Samples 
o f  whole coelom ic f l u i d  w ere taJcen from w ith in  th e  bags and th e  oxygen 
c o n te n ts  d e te rm in ed , dorms were l e f t  under pO g 's app rox im ating  160, 120,
80 , and 8 mm Hg. The r e s u l t s  a re  slioxm i n  f i g . 6.7* A fte r  i\h. th e  worms i n  
160 ram and 120 mm Hg w ere f a i r l y  a c t iv e ;  th o se  a t  80 mm Hg showed some 
movement; th o se  a t  8 mm Hg w ere q u ie s c e n t .  I t  can be seen  from T ig .6 ,7
t h a t  th e  oxygen c o n te n t  o f  th e  coelom ic f lu i .d  i s  d i r e c t l y  r e l a t e d  to  th e
e x te rn a l  gOg under th e s e  c o n d i t io n s ,  th ir th e r , t h a t  th e  O ^-con ten t o f  th e
coelom ic f l u i d  i s  v e ry  low w ell above th e  p50 o f  th e  haem oglobin . I f
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F ig u re  6*7 . The r e l a t io n s h ip  betw een th e  amount o f  oxygen c a r r i e d
by th e  coelom ic haem oglobin and th e  e x te rn a l  £Cg
f o r  w hole worms e q u i l ib r a t e d  f o r  l|h i n  m o is t a i r ^  
an3 ojKer T^YO'-'C. Çoinh id mean
o f 10 d e k r m a h ^ i  and He s-kada^d dt~>»h'ene,!^^.sko^n,.
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th e  c e l l u l a r  haem oglobin n as  a c t in g  m ere ly  as a s to r e  and th e  worms 
w ere unab le  to  r e s p i r e  a e ro b ic a lly ^  th e n  we would ex p ec t th e  O ^-co n ten t 
to  d e c re a se  w ith  tim e  i r r e s p e c t iv e  o f  e x te rn a l  pO^ so t h a t  a f t e r  lib. th e  
c o n te n t a t  h ig h e r  pO g 's would b e  much th e  same as th o se  a t  % # ie r  
th e  low er v a lu e s .  T hat t h i s  i s  n o t so in d ic a te s  some t r a n s p o r t  a t  h ig h  
^ 2  ' ® • The i n a c t i v i t y  and low O g-con ten t a f t e r  i\h a t  a pOg o f  8 mm Hg 
su g g e s ts  t h a t  n o t  o n ly  i s  th e  s to r e  o f  oxygen exh au sted  b u t  t h a t  th e  
g ra d ie n t  a c ro ss  th e  s u r fa c e  i s  i n s u f f i c i e n t  to  m a in ta in  a VOg re q u ire d  
f o r  norm al a c t i v i t y .
These s p e c u la t io n s  a re  n o t  a t  v a r ia n c e  w ith  th e  r e s u l t s  p re s e n te d  i n  
F ig .6 .6 .  The a re a  en c lo se d  betw een th e  two cu rv es  r e p r e s e n ts  th e  
c o n t r ib u t io n  by th e  haem oglobin c o n ta in e d  w ith in  th e  c e l l s  to  th e  
m ain tenance o f  norm al VC  ^ a t  pC g 's low er th e n  10 mm Hg. The p la n e  o f 
b i s e c t io n  o f  tlii.s  a r e a  on th e  v e r t i c a l  azcis m i l ,  by  d e f in i t i o n ,  
in d i c a te  th e  p^O o f  th e  haem oglobin and t h i s  p r e c i s e ly  confirm s th a t  
shoT-m i n  .F ig .6 .2 .  F ig .6 .6  a ls o  d em o n stra tes  t h a t  th e  c r i t i c a l  gOg 
below  w hich VOg f a i l s  to  b e  m a in ta in ed  i s  th e  re g io n  o f  0 .5  mm Eg, f o r  
a t  t h a t  p o in t  c e l l u l a r  haem oglobin i s  v i r t u a l l y  deo^ygenated .
Th'jo a sp e c ts  now demand a t t e n t io n  i n  o rd e r  t o \ b e t t e r '  ju d g e^ th e  
s ig n if ic a n c e  o f  th e s e  r e s u l t s :  th e  m ic ro c lim a tic  c o n d itio n s  w atîiin  th e  
c re v ic e s  i n  w hich T e re b e l la  l i v e s  and seco n d ly , i t s  r e s p i r a t i o n  under 
n a tu r a l  c o n d itio n s  i n  w a te r .
ih© torti *  ^ as tjssd hep# has î>©on tiscdl by & %3%ibw
o f ecolog5.sts(e.g# I-bsle^ (1?60) In  ^C-ongegiiences o f %struzb(moe3 
E#E#Wd.3 & Co •flom bn) to  describe the  a b i l i ty  o f  e  species to  
1 ) oGoi^y now te r r i to ry  rea d ily
2#) r^ w d u c e  a t  a  re la tiv e ly  f a s t  r a te  so th a t!*  V
3) tend to  t^ :e  over the  fcooluslve occ^^>ancy o f  a  d isturbed 
area
Wand are tra n s ie n t fea tu res i n  a  lendsos^e.
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7 THE FUNCTION OF TH'j OLLWUJl HAirOGLOBlHE TIT CAPITEI.LA CAITTATA
(F A B R IC IU S ) AÎID H O TO IF/iTU S L A T E P IC .IU S  0AH3 (C A j-IT lX L IiF h rP O L Y G K A F T A ) :
7*1 A b s tra c t .
1 . Coelomic c e l l  haem oglobins i n  C a p i te l la  c a p i t a t a  and 
Notomastns l a t e r i c e u s  a re  r a p id ly  o x id is e d  i n  a i r  and. form  a  bro im  
p r e c i p i t a t e  b e l ie v e d  to  be a haem atin .
2 . Both s p e c ie s  have h i g h - a f f i n i t y  haem oglobins (p50=3«0 mm Hg) 
and oxygen-com bining c a p a c i t ie s  o f  3-h  v o ls  %*
3 . The absence o f  a Bohr e f f e c t  was d em onstra ted  by th e  i n s e n s i t i v i t y  
o f  th e  oxrpgen e q u ilib r iu m  to  pH 6 .7 6  and 7 .W :.
U. I t  i s  su g g es ted  t h a t  c a p i t e l l i d  haem oglobins fu n c t io n  under low 
am bient gO^' s and may a lso  p r o te c t  th e  worms from  th e  to x ic  a c t io n  o f 
s u lp h id e .
7 .2  I n t r o d u c t io n .
C a p i te l la  c a p i t a t a  (F a b r ic iu s )  i s  an o p p o r tu n is t ic  sp e c ie s  l i v in g  
i n  h ig h ly  o rg a n ic ,  re d u c in g  sed im ents wliich o th e r  s p e c ie s  have f a i l e d  
to  c o lo n is e .  For t h i s  re a so n  i t  has been  u sed  as  an in d i c a to r  o f  
o rg a n ic  p o l lu t io n  (V/ass, 19$7). T h is s p e c ie s  in h a b i t s  te n p o ra ry  burrow s 
w hich may, o r  may n o t  b e  v e r t i c a l .  The s u b s t r a te  i s  u s u a l ly  f in e  o r  
muddy sand  (W olff, 1973), F is ig  (1857) d e sc r ib e d  i r r i g a t i o n  movements 
s im i la r  to  th o se  found  i n  th e  o lig o c h a e te  T u b ifex ,  w hereby th e  h in d  
end o f  th e  worm i s  w a fted  to  and f r o  i n  th e  w a te r  o v e r ly in g  th e  burrow . 
T h is  has b een  o b served  by  th e  a u th o rs  i n  th e  la b o ra to r y  b u t  n o t i n  
th e  f i e l d .  I n  a d d i t io n  to  t h i s ,  w a te r  i s  drawn in to  th e  g u t v ^  th e  
an u s . T h is en ab les  th e  worm to  p r e s e n t  a l a r g e r  s u r fa c e  f o r  gaseous . 
exchange.
O
Notomastus l a t e r i c e u s  Bars in h a b i t s  perm anent mucous l i n e d  burrow s
 ------------------------------------
i n  a im.de range o f  s u b s t r a te s  a lth o u g h  i t  i s  m ost common i n  sandy 
mud. I n  t h i s  s p e c ie s  th e  abdom inal neu ro p o d ia  a re  s l i g h t l y  expanded to  
form  sm all g i l l s .
The probe was pushed in to  the  s^jft sediment so th a t t!io nmibrane*
-V ■
covered cathode was s itu a ted  6*10 cm btdLmr %lxQ surface# A reading 
was tal<en a f te r  a  period  c f  about 10 rdn to allow the sediment 
time to  recover from d isto rtion*  Three measurements were m&de l a ,  
d iffe re n t p laces where C ^ d te l la  vbs found and U where Hotmastus 
cccured#The8c readings were taken near üie water l in e  where the 
Êidmals irere most abundant and during the time o f  dead lew tide*  
These re s u lts  were m t  intended fo r  rigorous s ta tis t3 .ca l m ialysls 
b u t ra th e r to  show th a t  (a) i n  tlie regions whei^o these animals are 
found, the oxygon le v e ls  were low enough to  preclude tSie pos:%lbillty 
o f the  pecu lia r denaturing e ffe c t observed in  the lalx)ratory ui*der 
îd-glier ozygen lev e ls  ocourring in  nature end (b) to gain an in d ic a t­
io n  o f the  gradient across the  body w all wldch might be
usefu l in  in te rp re tin g  haemoglobin function in  these cs^lteX lids*
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N e ith e r  sp e c ie s  p o sse sse s  a b lo o d -v a s c u la r  system , b u t  th e  coelom  
c o n ta in s  l a r g e  numbers o f c e l l s  charged  w ith  haem oglobin w hich g iv e s  
th e  worms t h e i r  c h a r a c t e r i s t i c  dark  r e d  ap p ea ran ce .
Hoffmann & Mangura (19Y0) su g g es ted  t h a t  th e  coelom ic c e l l  haem oglobin 
i n  th e  p o ly c h a e te  G ly cera  d ib  r  anc hi. a t  a m igh t se rv e  as a  tem porary  
o][ygen s to r e  f o r  th e  p e r io d s  betw een i r r i g a t i o n  b u r s t s  i n  a d d i t io n  to  
a t r a n s p o r t  f u n c t io n  a t  liig h e r am bient oxygen le v e ls #  T his d u a l fu n c t io n  
was su p p o rted  by d a ta  on th e  o^cygen c o n te n ts  o f  coelom ic f l u i d  from  
w hole worms e q u i l ib r a te d  a t  v a r io u s  pU^’s (Hangum & Car h a r t  (1 9 7 2 ).) , 
However, a  " terrporarjr s to r e "  i s  a n e c e ss a ry  consequence o f  any t r a n s p o r t  
system  when aiiibient te n s io n s  a re  te m p o ra r ily  low ered .
The r e s io i ra to ry  p h y s io lo g y  o f  c a p i t e l l i d s  i s  i n t e r e s t i n g  b ecau se  
th e y  l i v e  i n  v e ry  low oxj^'gen en v ironm en ts . I n  consequence, one w ould 
ex p ec t th e  oxygen e q u ilib r iu m  c h a r a c t e r i s t i c s  o f  t h e i r  haem oglobins 
to  b e  adap ted  f o r  l i f e  w ith  l i t t l e  oxrygen.
7 .3  M a te r ia ls  and m ethods.
C a p i te l l a  c a p i t a t a  and Notomastus l a t e r i c e u s  w ere c o l le c t e d  on a, 
low s p r in g  t i d e  from  o p p o s ite  banks o f th e  Ye aim. H stuary  i n  Devon, 
w here th e  i n t e r s t i t i a l  w a te r  was t e s t e d  f o r  oxygen u s in g  a Y .S .I ,  model 
p o r ta b le  m e te r and oxygen p ro b e .
I t  was n o te d  t h a t  c a p i t e l l i d  haem oglobin r a p id ly  d en a tu red  on 
c o n ta c t  w ith  a i r .  T h is  phenomenon was s tu d ie d  w ith  Notomastus b lo o d  
u s in g  a Beclcman DK-2 sp e c tro p h o to m e te r . Worms w ere b le d  by  coelom ic 
p u n c tu re  soon a f t e r  c o l l e c t io n  and th e  b lo o d  was k e p t an ae ro b ic  a l l y  
on i c e .
i 'i 'e sh , whole b lo o d  was a n a ly se d  f o r  cor:ibined oxygen u s in g  3-5  
sam ples (S e c tio n  2 .3 ) .  ■’ - O x y g en -equ ilib rium  d a ta  w ere o b ta in e d
from  th e  oxygen c o n te n ts  o f  sam ples e q u i l ib r a te d  w ith  gas .mixrbures 
c o n ta in in g  p ro g re s s iv e ly  more Op to  avoid  haem oglobin d é n a tu ra t io n .
The r e s u l t s  w ere an a ly se d  by  lo g a r i th m ic  tra n s fo rm a tio n  an c o rd in g  to
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th e  H i l l  e q u a tio n .
In  v ivo  pH v a lu e s  u ere  e s tim a te d  from  m easurem ents made on whole 
b lo o d  c o l le c te d  under l i g h t  p a r a f f i n  u s in g  a Radiom eter G 2R8A m icro ­
e le c tro d e  and iHI-I 71 a n a ly s e r .
7.U R e su lts  and d is c u s s io n .
On c o n ta o t w ith  a i r  c a p i t e l l i d  haem oglobin form s a d e r iv a t iv e  
re m in is c e n t o f  th e  "brovm form" r e p o r te d  i n  A re n ic o la  m arina  by  P a te l  
& Spencer (1963 a ) .  The r e a c t io n  was a lm ost in s ta n ta n e o u s  i n  p u re  
ODOTgen. C a p i te l l id s  do n o t come in to  c o n ta c t  T-iith h ig h  pO^' s i n  n a tu re  
and we have n o t seen  th e  d en a tu red  haem oglobin i n  th e  f i e l d .  However, 
i t  can  b e  induced  i n  th e  labo ra to ig^  by k eep ing  th e  worms i n  a e ra te d  
s e a  w a te r f o r  s e v e ra l  d ay s . The r e a c t io n  T i l l  o ccu r i n  th e  d a rk . T his 
c o n t r a s t s  w ith  th e  f in d in g s  o f  Mangum C- i n k l e  (1973) who observ ed  
t h a t  C .c a p i t a t a  showed no i l l  e f f e c t s  from exposure to  h ig h  ox'rgen 
l e v e l s .
Fox & T ay lo r (1955) su g g ested  th a t  in v e r t e b r a te s  w hich l i v e  no rm ally  
i n  low oxygen environm ents co u ld  be p o iso n ed  by h ig h  oxygen l e v e l s .  
T o rre s  & Mangum (l 97kj c o u ld  f in d  no evl.d.ence f o r  oxygen p o iso n in g  in  
m ud-dw elling jio ly c liae te s  a f t e r  p ro lo n g ed  e:qposure to  h jy e ro x ia .  In  
c o n s id e r in g  an im als w hich l i v e  i n  p o o r ly  oxygenated  env ironm en ts,
Manwell (i960  a) p roposed  th a t  haem oglobin m ight f u n c t io n  by m a in ta in ­
in g  low in t e r n a l  p O ^ 's  th u s  p r o te c t in g  th e  t i s s u e s  from o :y g en  p o iso n ­
in g .  I t  i s  d i f f i c u l t  to  see  how th e  u n s ta b le  c a p i t e l l i d  haem oglobins 
c o u ld  fu n c tio n  i n  t l i i s  way.
The s p e c t r a l  p r o p e r t i e s  o f  f r e s h  haem oglobin showed ^ a n d  |6 
maxima a t  575 and 5U0 nm and a  S o re t band a t  li-llj. nm, t j /p ic a l  o f  many 
o th e r  haem oglobins i n  th e  oxy- s t a t e  (P ro s s e r ,  1973). k i t h  tim e and 
a i r  s a tu r a t io n ,  th e  ^  and p  maxima d e c re a se d  i n  i n t e n s i t y  and s h i f t e d
awajr from  th e  re d  rerq_on o f th e  spectrum  u n t i l  a b s o rp tio n  bands c o u ld  
no lo n g e r be  d e te c te d .  The r e s u l t  was a broum p r e c i p i t a t e  w hich was 
so lu b le  i n  IN NaOH, '• L b e l ie v e  t l i i s  d e r iv a t iv e  to  be  an a l k a l i  
h aem atin . he co u ld  n o t  th e re fo re  s y n th e s is e  a m ethaem oglobin by 
o x id a t io n .
For com parison , I  a ttem p ted  to  p roduce th e  'broi-m form" from  
A re n ic o la  m arina  b lo o d  w hich P a te l  & Spencer found  i n  crude 
oxyhaeraoglobin s o lu t io n s  a f t e r  a few days i n  s to r a g e .  .X- cou ld  n o t d e te c t  
any change i n  th e  p o s i t io n  o f  th e  a b s o rp tio n  maxima o r  t h e i r  i n t e n s i t y ,  
and th e  a b i l i t y  to  combine r e v e r s ib ly  TJlth oxygen iras n o t d im in ish ed  
i n  b lo o d  w hich was k e p t i n  our la b o ra to ry  f o r  s e v e ra l  w eeks.
An u n s ta b le  coelom ic haem oglobin a p jja re n tly  o ccu rs  i n  th e  p o ly c h a e te  
T r a v is ia  pupa (Mam-rell, I 96O it)  and a t te irp ts  to  red u ce  i t  w ith  d i t l i i o n i t e  
r e s u l t e d  i n  p r e c i p i t a t i o n  o f  th e  p r o te in .  C a p i t e l l id  haem oglobin 
behaved  s im i la r ly  a f t e r  th e  a d d i t io n  o f  d i t h i o n i t e .
Notom astus haem oglobin d id  n o t form a su lphaem oglobin  wfLth as 
i s  c h a r a c t e r i s t i c  o f  mammalian haem oglob ins. As i n  A re n ic o la , a 
secondary  fu n c tio n  o f  th e  p igm ent may be to  p r o te c t  th e  worm from  th e  
t o x i c i t y  o f  su lp h id e  by  i t s  c a t a ly t i c  a c t io n  o f  su lp iiid e  o x id a tio n  
P a te l  & S pencer, 1963 b ) .  C a p i te l l id s  a re  o f te n  found  i n  sed im en ts  w ith  
a  d i s t i n c t  odour o f  su lp h id e  and a  s im i la r  c a t a l y t i c  fu n c tio n  may be 
a s c r ib e d  to  t h e i r  haem oglob ins. .lork on su lp h id e  to le r a n c e  and 
m easurem ents o f  c o n c e n tra t io n  i n  n a tu re  i s  i n  p ro g re s s .
The ox^rgen e q u ilib r iu m  cu rves a re  h ;m erb o lic  and d e s c r ib e d  by 
H i l l ' s  eq u a tio n :
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w here y  i s  th e  p e r  c e n t o f  oxyhaem oglobin, p i s  th e  p a r t i a l  p re s s u re  
o f  oxygen (mm Hg) and ppO i s  th e  v a lu e  o f  p a t  w hich th e  p ro p o r tio n s  
o f  oxyhaem oglobin and deoxygenated haem oglobin a re  e q u a l. A l i n e a r
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tra n s fo rm a tio n  from  th e  d a ta  i s  g iven  i n  F ig , / ,1  and th e  s lo p e  o f  
1 ,0 -1 .1  in d ic a te s  th e  la c k  o f haem-haem i n t e r a c t i o n s .
The oxygen-com bining c a p a c i t ie s  o f  b lo o d  from  C a p i te l la  and 
Notom astus w ere 3-Li. v o ls  % and showed a h ig h  a f f i n i t y  f o r  oxygen, th e  
£^0 b e in g  3 inm Hg (O .^ kN m"’‘~j f o r  b o th  s p e c ie s .
The e q u ilib r iu m  o f  Notomastus haem oglobin was in s e n s i t iv e  to  
hydrogen io n  a c t i v i t y  a t  pH 6 .76  and 7.W-I. and th e s e  pH v a lu e s  span th e  
ran g e  o f  pH m easured m  v iv o  (T able 3 .1 ) .  T h is r e s u l t  con firm s th e  
em erging g e n e r a l iz a t io n  th a t  p o ly c h a e te  c e l l s  c o n ta in in g  haem oglobin 
do n o t show a  Bohr s h i f t ;  nam ely, Eupolymnia c r e s c e n t i s  (H anw ell, 1959;; 
G ly cera  d ib r a n c h ia ta  (Mangum & C e rh a r t ,  1972); G .g ig a n te a  (H eber, 1973); 
Thelepus c r is p u s  (G a rlic k  & T e n - i i l l ig e r ,  197U); T e re b e lla  l a p i d a r i a  
(se e  F ig .6 .1 ;) . T ins c o n t r a s t s  w ith  th e  Bohr e f f e c t  found i n
mammalian r e d  c e l l s .  However, Bohr s h i f t s  have been  found i n  th e
e x t r a c e l l u l a r  haem oglobins o f  A re n ic o la  m arina  (Toulmond, 1970^ and
Nephtys hom bergi (Weber, 197l4 a lth o u g h  th e  fu n c t io n a l  s ig n if ic a n c e  o f
th e s e  s h i f t s  i s  i n  d o u b t.
The pO^ o f  th e  i n t e r s t i t i a l  w a te r  from  th e  richl%r o rg a n ic  sed iraen ts
in la a b ite d  by  C a p i te l la  was 8-12 mm Hg (1 .1 -1 .6  kN m ) and t h a t  from
—2th e  c le a n e r  sed im en ts  i-iith  N otom astus,  16-23 mm Hg (2 .U -3.1  IcN m ) a t  
11-13°G and 28°/oo  s a l in i ty .^ T h u s  th e  lo a d in g  te n s io n  o f  th e  haem oglobins 
i s  w e ll-m atch ed  w ith  th e  a v a i l a b i l i t y  o f  oxygen i n  th e  n e a r emdLronment. 
A lloicing f o r  a m odest d i f f u s io n  b a r r i e r  acc^ross th e  th i n  body w a ll ,  
th e  e q u ilib r iu m  p50 ap p ea rs  to  be c lo s e ly  a d ju s te d  to  th e  u n lo ad in g
E°2*
Some c i r c u l a t i o n  o f  th e  r e s p i r a to r y  p igm ent i s  a f fo rd e d  by p e r i -  ; 
s t a l t i c  waves p a s s in g  a long  th e  body w a ll  by  m uscu lar c o n t r a c t io n .
These o b s e rv a tio n s  a re  c o n s is te n t  w ith  th e  p o s tu la te d  fu n c tio n  o f 
c a p i t e l l i d  haem oglobin i n  t r a n s p o r t  a t  low am bient pC^.
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F ig u re  7.1 • Oxygen e q u i l i b r i a  o f  coelom ic c e l l  haem oglobins a t  
u s in g  th e  l i n e a r  tr a n s fo rm a tio n  lo g  y /(lO O -y ) 
a s  a  fu n c t io n  o f  lo g
□ C a p i te l la  haem oglobin , pH 7 .L2; #pH  6 .7 b , H =1.1.
A Notom astus haem oglob in , pH 7.Ui-l-;^pH 6 .8 0 , N=1.0 .
The low pH 's  w ere o b ta in e d  w ith  CC  ^ i n  th e  e q u i l ib r a t io n  
g a s .
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I n  th e  p re sen ce  o f  haem oglobin , ojvyren d i f i n s e s  a t  a r a t e  f a s t e r  
th a n  iroiild. b e  p r e d ic te d  from th e  c o n c e n tr a t io n  d i f f e r e n c e .  The 
e f f e c t iv e n e s s  o f  haem oglobin i n  t h i s  p ro c e ss  o f  " f a c i l i t a t e d  d i f fu s io n "  
i s  e le g a n t ly  p re s e n te d  i n  th e  q u a n t i t a t iv e  tre a tm e n t g iv en  by  K reuzer 
( 1970 ) .  The p h y s io lo g ic a l  im p lic a t io n  o f  t l i i s  phenomenon i s  t h a t  ad hoc 
fu n c tio n s  o f " s to ra g e "  and " t r a n s p o r t"  a re  o v e r s im p l i f i c a t io n s .  We have 
u sed  th e  te rm  " t r a n s p o r t"  i n  a lo o s e  sense  and s in c e  c a p i t e l l i d s  
la c k  a s p e c ia l i s e d  re sp ira tm ip / s u r f a c e ,  th e  te rm  " d if f u s iv e  t r a n s p o r t"  
u sed  by  Mara-jell (i9 6 0  Æt) to  d e s c r ib e  th e  s i t u a t i o n  i n  T r a v is ia  riiay be  
more p r e c i s e .
One i ï ïp o r ta n t  a s p e c t irh ich  demands a t t e n t io n  in  o rd e r to  e x t r a p o la te  
w ith  more c o n fid e n ce  from  oicygen e q u ilib r iu m  d a ta  to  ^  v ivo  haem oglobin 
fu n c t io n ,  i s  th e  measure^nent o f  i n t e r n a l  pC ^ 's  o f  t i s s u e s  and body 
f l u i d s .  W ithout t h i s  knowledge one can n o t be c e r t a i n  o f  th e  a c tu a l  
lo a d in g  and u n lo a d in g  c o n d itio n s  under w hich th e  haem orlob ins a re  
assm ied  to  fu n c tio n #
loU
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• 8.1 A b s tra c t .
1 . The oxygen e q u ilib r iu m  c h a r a c t e r i s t i c s  o f  w hole b lo o d  o f  
M agelona p a p i l l i c o m i s  l îü l le r  have been  d e term ined  and compared w ith  
th e  w hole coelom ic f l u i d  o f  th e  s ip u n c u lid  G o lf in g ia  e lo n g a ta  
(K e fe rs te in )  u s in g  th e  same m ethods.
2 . M agelona p a p i l l i c o r n i s  h aem ery th rin  i s  shoi-m to  have a low 
a f f i n i t y  f o r  oxygen = 13 mm Hg (1 .733 kli m“ ^) a t  15°G) b u t  a 
h ig h  oxygen-com bining Ccipacity (6 .2  v o ls  % a t  15^C) in d ic a t in g  an 
a d a p ta t io n  to  fu n c t io n  a t  liigh  am bient oxygen te n s io n s .
3# G .e lo n g a ta  f l u i d  was sh o rn  to  have a  h ig h e r  a f f i n i t y  (p50=Ij. mm Hg
(0 .533  kl'I m"^) a t  l5^C) b u t  a  low er oxygen c a p a c ity  (3*5 ? o ls  % a t  15^C;
in d ic a t in g  a d a p ta tio n  to  low am bient pO g's#
U# H i l l ' s  c o e f f i c i e n t ,  N, = 1 .0  i n  M.p a p i l l i c o r n i s  in d ic a t in g  no 
i n t e r a c t i o n  betw een com bining c e n t r e s .  As re c o rd e d  fo r  s e v e ra l  o th e r  
s ip u n c u l id  h a e m e ry th r in s , t h a t  o f  G .e lo n g a ta  shows s l i g h t  i n t e r a c t io n  
(N = 1 . 2 ) .
8 .2  I n tr o d u c t io n .
Haemerythi’i n  i s  a non-haem i r o n  p r o te in  which combines r e v e r s ib ly  
w ith  m o lecu la r oxygen. The d i s t r i b u t io n  o f  t l i i s  p igm ent i s  r e s t r i c t e d  
to  a few s p e c ie s  o f  m arine  in v e r te b r a te s  w here i t  i s  alw ays found in  
e ry th ro c y te s  and n ev er f r e e  i n  s o lu t io n .  I t  ^ p a r e n t l y  o ccu rs  i n  a l l  
s ip u n c u l id s ,  i n  two p r ia p u l id s  (F r ia p u lu s  and H a lic ry p tu s  ) ,  i n  two 
b rach io p o d s (L in g u la  and G lo t t i d i a ) ,  and th e  s in g le  p o ly c h a e te  genus 
M agelona. P h y lo g en e tic  r e l a t i o n s  among th e s e  groups a re  u n c e r ta in .  On th e  
b a s i s  o f  haem eigrblirin " f in g e r p r in t in g " ,  Manwell (1?63^ has su g g es ted  th a t  
b rach io p o d s  and s ip u n c u l id s  may be  c lo s e r  a l l i e s  th a n  h i th e r to  s u sp e c te d .
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However, th e r e  a re  l a r g e  enough d if f e r e n c e s  i n  " f in g e r p r in t "  maps to  
in d i c a te  p o l jp h y le t ic  o r ig i n s .  J o s h i  & H u lliv an  (l9 7 3 ) came to  a 
s im i la r  c o n c lu s io n  a f t e r  c h a r a c te r iz in g  L in g u la  h a e m e ry th rin .
H aem erythrin  was r e p o r te d  i n  M agelona p a p i l l i c o r n i s  by  Benham (l6 9 7 ) 
and Dehorne (1 9 3 2 ). The a n n e lid  p igm ent hais n o t  been  c h a ra c te r iz e d ,  
a ltlio u g h  th e  b lo o d  i s  co lo u re d  p in k  when oxygenated  and i s  c o lo u r le s s  
under a s tream  o f  n i t r o g e n .  Ur.C.P.lTangum t e l l s  us t h a t  a s e a  w a te r 
su sp e n sio n  o f  b lo o d  from  M agelona s p . showed a b s o rp tio n  maxima a t  330 
and 500 nm (Beclcnan DK-1A) and was in d i s t in g u is h a b le  from  s ip u n c u l id  
b lo o d . These o b se rv a tio n s  su g g es t t h a t  th e re  can  b e  l i t t l e  doubt t h a t  
th e  p igm ent i n  q u e s tio n  i s  h ae m e ry th rin .
M.p a p i l l i c o r n i s  i s  a sm a ll s le n d e r  worm l i v i n g  i n  c le a n  o r  s h e l ly  
sand  commonly below  extrem e low w ate r o f  sp r in g  t i d e s  and i s  e s s e n t i a l l y  
a  s u b - l i t t o r a l  worm. I t  l i v e s  i n  v e r t i c a l  burrow s w hich a re  dug by  
a v e rs io n  o f  th e  p ro b o sc is  and by  i t s  s p a d e - l ik e  h ead . The lo n g  te n ta c l e s  
a re  p ro tru d e d  from  th e  burrow  f o r  fe e d in g , and presum ably  a lso  f o r  
r e s p i r a t i o n .  The v a s c u la r  s^^rgtem, d e sc r ib e d  in  d e t a i l  by  M cIntosh ( l8 7 c j ,  
p ro v id e s  a f f e r e n t  and e f f e r e n t  v e s s e ls  to  th o se  t e n t a c l e s .  As f a r  as we 
a re  aware th e  burrow  i t s e l f  i s  n o t i r r i g a t e d .  Woimis as s le n d e r  as Magelona 
would h a rd ly  b e  ex p ec ted  to  need a r e s p i r a t o r y  p igm ent i f  th e  whole 
body s u r fa c e  was b a th e d  i n  w e ll-o x y g e n a ted  w a te r .
Very l i t t l e  i s  knoim abou t th e  fu n c t io n a l  p r o p e r t i e s  o f  h ae m e ry th rin . 
Oxygen e q u ilib r iu m  d a ta  a re  g iven  f o r  th e  h aem ery th rin s  i n  th e  
s ip u n c u lid s  Fhascolosom a (now G o lf in g ia ) sp . (M arrian , 1927; Kubo, 1953), 
G .a g a s s iz i i  (Mam^rell, 1958), Dendrostomum z o s te r ic o lu m  and Siphonosoma 
in g en s  (M anwell, I960 b ) ,  S ipuncu lus nudus (IL o r ld n , 1933; B ates e t  
1968) and th e  b rach io p o d  L in g u la  u n g u is  (M anwell, I960 d ) .  Ho th in g  i s  
knoim abou t th e  f u n c t io n a l  p r o p e r t ie s  o f  th e  p r ia p u l id  o r  a n n e lid  
p ig m en ts .
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decen t i n t e r e s t  i n  hcemergT’t h r i n  has c e n te re d  on i t s  b e h a v io u r as 
a  model o lig o m eric  p r o te in .  The p r o te in  i s o l a t e d  from G o lf in g ia  g o u ld l i  
i s  an octom er composed o f  i d e n t i c a l  su b u n its  o f  m olecu].ar w e ig h t 1 3 ,500 . 
bVerjr su b u n it c o n ta in s  two i r o n  atoms and b in d s  one m olecu le  o f  ox^yen 
(K lo tz  & K eresz tes-N ag y , 1963 )•
I n  c o n t r a s t  v iith  haem oglobin, h aem ery th rin  c o n ta in s  i r o n  atoms 
d i r e c t l y  c o -o rd in a te d  to  p r o te in  s id e  c h a in s .  E vidence from d i l l  &
K lo tz  (19Y'I) and York 0; Fan (1971) b ased  on th e  e x t in c t io n  o f  th e  p ig m e n t's  
a b s o rp tio n  ma^iima by  te tr a n i t ro m e th a n e ,  su g g e s ts  t h a t  t^^nrosine i s  an 
im p o rta n t F e -c o -o rd in a tin g  l ig a n d  i n  c o n t r a s t  I 'lith  th e  h i s t i d i n e  l ig a n d s  
o f  th e  haem oglob ins. As w ith  haem oglobin , h aem ery th rin  can  be co n v e rted  
in to  th e  m et- form  accom panied by a  v a len ce  change ( F e l l - I I I )  b u t  th e  
p igm ent has no a f f i n i t y  f o r  carbon  m onoxide.
There a re  s e v e ra l  re a so n s  w hich deem i t  p r e f e r a b le  to  s tu d y  b lo o d -  
oxygen r e l a t i o n s  i n  w hole r a th e r  th a n  d i lu te d  b lo o d  (v/olvekairp, 196I j .
The m ic ro tec h n iq u e  u sed  i n  t l i i s  s tu d y  was b a se d  on th e  p r in c ip le  d e sc r ib e d  
by  L aver e t  a l . (1965) f o r  m easuring  combined o :ygen  i n  5 0 -^ l sam ples o f  
w hole b lo o d . We have s c a le d  down th e  volumes w ith  l i t t l e  s a c r i f i c e  i n  
accu racy  and p re c is io n ^  We were ab le  to  an a ly se  1 - ^  b lo o d  sam ples and 
c o n s tr u c t  an oxygen e q u ilib r iu m  curve from  9 ^  o f  Magelona b lo o d  by 
in c o rp o ra t in g  a  gas m ixing  ap p a ra tu s  in to  th e  s^rstem. The same p ro ced u re  
was adop ted  i-rith G o lf in g ia  b lo o d  and se rv ed  as a com parison .
The a n n e lid s  p r e s e n t  a s t r i k i n g ly  d iv e rs e  p a t t e r n  o f  s t r u c t u r a l  and 
fu n c t io n a l  m o d if ic a t io n s  to  s a t i s f y  th e  demands f o r  oxygen under ixLdely 
d i f f e r e n t  e c o lo g ic a l  s i t u a t io n s  (D ales, 1967). The o ccu /en ce  o f  haem oglobin 
i s  xd-despread i n  t h i s  phylum and a  s im i la r  p lasm a p r o te in ,  c h lo ro c ru o r in ,  
i s  a  p e c u l i a r i t y  e x c lu s iv e  to  fo u r  f a m i l i e s .  The o ccu rren c e  o f  haem-. 
e r y t l i r in  i n  a  s in g le  p o ly c h a e te  genus i s  th e re f o r e  p u z z l in g .
Haemei^rtlirin i n  th e  m inor coelom ate p h y la  i s  c o n ta in e d  w i th in
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c o rp u sc le s  i n  th e  coelom o r i n  th e  v a s c u la r  sy stem . I n  M agelona th e  
c o rp u sc le s  w itl i in  th e  b lo o d  v e s s e ls  a re  derive;', from  th e  v e s s e l  w a lls  
(D ehorne, ^9h9)^  The numerous c o rp u s c le s  a re  e n u c le a te  s p h e r ic a l  c e l l  f r a g ­
m ents 0 .25-1*00  -jm i n  d ia ra e te r .  On c o n ta c t  w ith  s e a  w a te r th e  c o rp u s c le s  
lo o s e  t h e i r  s p h e r ic a l  shape and a  f ib r o u s  c l o t  i s  form ed. An u l t r a -  
s t r u c t u r a l  s tu d y  o f  t h i s  rem arkab le  s i t u a t i o n  i s  i n  p ro g re s s  and i t  i s  
in te n d e d  to  p u b lis h  th e s e  f in d in g s  s e p a r a te ly .
8 .3  M a te r ia ls  and m ethods.
G o lf in g ia  e lo n g a ta  was c o l le c te d  a t  low t i d e  from th e  Yealm E s tu a ry , 
Devon. M agelona p a p i l l i c o r n i s  was dredged i n  Caw sand Bay, G ornvjall, from  
a p p ro x im ate ly  6 m. About l50  x/orms w ere s o r te d  from  th e  d red g in g s  o f  5 
ru n s .  A fexr M agelona a l l e n i  x-iere c o l le c te d  a t  low s p r in g  tid e /f ro mi K,
Salcom be, Devon.
The M agelona xrere v e ry  sm all (20 x  0 .5  mm) and b lo o d  was c o l le c t e d  
d.P.Dales from  in d iv id u a ls  by  p u n c tu rin g  th e  th o ra x , whereupon t i n y  d ro p le ts  o f  
b lo o d  w ere r e le a s e d  and talc en in to  g la s s  m ic ro p ip e t te s .  The body x-:as 
b lo t t e d  d ry  and th e  o p e ra t io n  perform ed  on a d ry  g la s s  s l i d e  under a 
m icro sco p e . A p o o led  sam ple o f  ap p ro x im ate ly  9 was a l l  t h a t  cou ld  
b e  o b ta in e d  from  l50  worms. Blood was sam pled d i r e c t l y  from th e  la r g e  
coelom ic caxnity o f  G o lf in g ia  x-rith a s y r in g e .  B lood xfas used  im m ed ia te ly  
a f t e r  c o l l e c t i o n .
8.1i. R e s u l t s .
The ex p e rim en ta l d a ta  f o r  th e  oxygen e q u i l i b r i a  o b ta in e d  a re  shox-m 
i n  F ig .8.1 i n  term s o f  a H i l l  p l o t ,  shoxTing th e  dependence o f  lo g  y /(lO O -y ) 
upon lo g  pOg. H i l l ' s  c o e f f i c i e n t ,  H, d e r iv e d  g r a p h ic a l ly  from th e  s lo p e  
o f  th e  l i n e s ,  i s  1 .0  f o r  Magelona and 1.2  f o r  G o lf in g ia  in d ie a t in g  
o n ly  a s l i g h t  c o -o p e ra t iv e  i n t e r a c t io n  betw een s i t e s  i n  G o lf in g ia  b u t  
no in t e r a c t io n s  i n  M agelona h aem ery th rin . Very s l i g h t ,  o r  no in t e r a c t io n s  
a re  c h a r a c t e r i s t i c  o f  a l l  th e  sipuncxiLid h aem ery th rin s  so f a r  exam ined.
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F ig u re  8 .1 .  Oxj’-gen e q u ilib r iu m  d a ta  f o r  M agelona (■(—]■) 
and G o lf in g ia  ( Q —O) haem eiy /th rins p lo t t e d  
acco rd in g  to  H i l l ' s  ap p ro x im atio n , a t  l5^C .
The pH o f G olfin g ia  coelomic f lu id  was 7.12»
The volume o f  .blood taken from Magelona was too
sm all fo r  a pH measurement.
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The v a lu e  f o r  h f o r  o th e r  h aem ery th rin s  i s  g iv e n  in . T able 8 .1 .  The 
y o n ly  h aem ery th rin  knoi-m to  have s ig n i f i c a n t  s i t e  to  s i t e  in t e r a c t io n s  
■ i s  L in g u la  (M anwell, 1%()cl).
M agelona h aem ery th rin  i s  shoi-m to  have a low oxygen a f f i n i t y  (p50 =
13 mm Hg (1 .73  kH m a t  I^^C) b u t  a  h ig h  oxygen-com bining c a p a c ity  
(6 .2  v o ls  7- a t  I^^G J. G o lf in g ia  i s  shown to  have a h ig h e r  a f f i n i t y  
(p^O = U mm Hg (0 .^ 3  kN k? ) a t  13°G b u t  a low er oxygen c a p a c i ty  (3 .^  vols/o 
a t  1S°G).
8 .5  D isc u ss io n .
M agelona i s  e s s e n t i a l l y  a s u b - l i t t o r a l  s p e c ie s  and th e r e f o r e  does 
n o t have th e  problem  o f  b e in g  c u t  o f f  from i t s  r e g u la r  sup%,ly o f  oxygen 
a t  low t i d e .  A p50 o f  13 mm Hg (1 .73  kN m“ ) su g g e s ts  t h a t  M agelona 
h aem ery th rin  fu n c tio n s  a t  liigh  am bient ox^^gen te n s io n s .  The b lo o d  i s  
c i r c u la t e d  th ro u g h  a  p a i r  o f  s to u t  t e n ta c l e s  i n  a  d i s c r e t e  v a s c u la r  
S3’’stem  and i t  i s  th e r e f o r e  l i k e l y  t h a t  th e  p ig n e n t fu n c tio n s  as a t r a n s ­
p o r t  su b s tan ce  r a th e r  th a n  as a s to r e  o f  oxygen w hich th e  anim al w ould 
p o s s ib ly  n ev er u s e .
G o lf in g ia , on th e  o th e r  hand, p o sse sse s  an e x te n s iv e  coelom 
c o n ta in in g  h aem ery th rin  v jith  a p50 o f  U mm Hg (0 .53  kH m ) •  I n  t h i s  c a s e , 
th e  h aem ery th rin  m ust r e p r e s e n t  an a d a p ta t io n  to  low am bient te n s io n s  
^  and th e  p o s s i b i l i t y  o f  a  s to ra g e  fu n c t io n  o f  th ^ ig m e n t  a t  low t i d e
can n o t be  r u l e i  o u t .  I n  th e  s ip u n c u lid s  examined by  Manwell (1958, 1960b) 
th e r e  i s  a  s e p a ra te  b u t  sm a lle r  v a s c u la r  system  p o s se s s in g  h aem ery th rin  
w ith  d i f f e r e n t  p h y s io lo g ic a l  c h a r a c t e r i s t i c s  from  th e  coelom ic p ig m en ts .
He has p o s tu la te d  an oxygen t r a n s f e r  system  from  one c a v i ty  to  th e  o th e r  
t h a t  i s  c o irp a tib le  w ith  th e  eco logy  and r e s p i r a t o r y  p h y s io lo g y  o f 
s ip u n c u l id s .  S o lu tio n s  o f  h aem ery th rin  a re  a lso  kno-wn to  f a c i l i t a t e  
d i f f u s io n  i n  v i t r o  (W itten b e rg , 1 ?6 3 ). I n  S ipuncu lus nudus, i^ lo rk in  (1933) 
dem onstra ted  a  coelom ic pO^ o f  20 mm Hg f o r  w e l l - a e r a te d  specim ens.
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A h ig h  ox^'-gen c a p a c ity  and la r g e  volume o f  f lu id , su g g e s t a s to ra g e  
fu n c t io n  a t  low t i d e .  I t  i s  found up to  30 cm i n  mud and does n o t 
make i r r i g a t o r y  movements. As th e  body w a ll  i s  u n s p e c ia l iz e d ,  oxygen 
s to r e s  may b e  lo a d e d  d u rin g  s u r fa c e  ex c u rs io n s  and th e  h aem ery th rin  <- 
f u l l y  ch arg ed . The h ig h  ox^rgen a f f i n i t y  and h y p e rb o lic  e q u ilib r iu m  
curve  endorse t h i s  h y p o th e s is .  The p r o p e r t i e s  o f  G o lf in g ia  h aem ery th rin  
a re  s im i la r  and a s im i la r  fu n c tio n  seems l i k e l y .  The te n ta c l e  arrangem ents 
i n  G o lf in g ia  d e s c r ib e d  by  Gibbs (l9 7 3 ) may a lso  b e  r e l a t e d  to  
r e s p i r a t o r y  n e e d s .
The r e s u l t s  p re s e n te d  h e re  le n d  w eig h t to  M anw ell’ s (1965a) c la im  
t h a t  r e s p i r a t o r y  p igm en ts have been  s u b je c t  to  s e le c t io n  and r e p r e s e n t  
an a d a p ta tio n  to  env ironm en ta l oxygen. The p o ly c h a e te  b lo o d  pigm ents 
show a g r e a t  p a t t e r n  o f  f u n c t io n a l  v e r s a t i l i t y ,  and " f in g e rp r in t in g "  
(Manvrell, 1963a) has  shoi-m t h a t  th e  r e s p i r a t o r y  p igm ents a re  
phy lo  g e n e tic  a l l y  l a b i l e .
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9 THE RESPIRATORY SIGHIFICANCE OF CHLOROCRUORIN
9*1 Abstract»
There has been much recent work on the p h y sio lo g ica l and stru ctu ra l 
ch a r a cter is tic s  o f annelid haemoglobins but no stu d ies have been made on 
chlorocruorins» The most recent work i s  th a t o f  Manwell (1961;) who 
described the oxygen-equilibrium  o f Pherusa chlorocruorin, and Antonini e t  
a l » (1961b) who confirmed and extended the e a r lie r  work o f  H. Itoîro Fox 
(1932)- on S ab ella» % have examined the oxygénatio n a l p rop erties o f  
chlorocruorin in  Pherusa and in  Myxicola using whole blood.Both Pherusa 
and t'^md.cola pigments have large  Bohr s h i f t s ,  the chlorocruorin o f Ityxicola  
alone being f u l ly  oxygenated a t normal pH in  a ir . The oxygen cap acity  o f  
whole blood i s  very large  contrasting  w ith th at o f animals having 
haemocyanin, and the s ig n ifica n ce  o f th is  i s  d iscu ssed . No Bohr s h if t s  
have been described fo r  annelid  c e l l  haemoglobins and only s l ig h t  Bohr 
s h if t s  have been described fo r  vascular haemoglobins, these being o f  
doubtful s ig n if ic a n c e . The s ig n ifica n ce  o f the Bohr s h i f t  o f chlorocruorin  
i s  d iscussed  in  r e la t io n  to the hab its and environment o f  these animals 
and i s  coirçared w ith  the large  s h if t s  found in  cephalopoda.
9 .2  Introduction .
Chlorocruorin was discovered in  I868 by Lankester, y e t  i t  remains the 
l e a s t  known resp ira tory  pigment presumably because i t s  d is tr ib u tio n  i s  
lim ited  to a few tubicolous p o lychaetes. I t  i s  a d ichroic iron^contaiinng  
p rote in  which appears green in  ten ta c le s  and th in  blood v e sse ls  but dark 
red when viewed in  the la rg e  gut s in u s . I t  resembles haemoglobin in  
having a haem stru ctu re , the d ifferen ce  being in  the su b stitu tio n  o f  a 
fo m y l for  a v in y l r a d ic le  on one pyrrole r in g . Chlorocruorin has a high  
molecular weight (2 .8  x  10^) w ith 80 haems per m olecule in  Sabella  
sp a llan zan ii but may d is so c ia te  in to  sm aller subunits at high pH's 
(Antonini e t  a l ,  1962a). As in  haemoglobin, oxygen combines w ith  iro n  in
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th e  r a t i o  o f  2 :1 .
C h lo ro c ru o rin  alw ays o ccu rs  i n  s o lu t io n ,  n ever i n  c e l l s ;  alw ays i n  
v e s s e ls  and never i n  th e  coelom . I n  t h i s  r e s p e c t ,  i t  i s  r e m in is c e n t o f  
th e  h ig h  m o lecu la r w e ig h t a n n e lid  haem oglob ins. The two p igm en ts may 
even o ccu r to g e th e r  i n  some s e r p u l id s  (Fox, 1949)*
B io sy n th e s is  o f  ch lo rocru rohaem  i n  th e  h e a r t-b o d y  o f  F la b e l l ig e r a  
a f f i n i s  (Kennedy & D a le s , 1958), e x t r a - v a s a l  t i s s u e  o f  S a b e lla  p e n i c i l l u s , 
(D ales & P e l l ,  1970) and S p iro rb is  sp p . (P o tsw ald , 1969) c lo s e ly  re sem b les  
th e  p ro c e s s  o c c u rin g  i n  th e  h aem o g lo b in -c o n ta in in g  p o ly c h a e te s  (Mangum & 
D a le s , 1965).
D iffe re n c e s  i n  th e  anatomy o f  th e  b lo o d  system s o f  F la b e llid e rm a  
com monsalis and P h eru sa  plum osa may r e f l e c t  h a b i t a t  d i f f e r e n c e s ,  th e  l a t t e r  
b u rrow ing  i n  s o f t  muds c o n ta in in g  l e s s  oxygen th a n  th e  roclcy s u b s t r a te s  
c o lo n iz e d  by  F .com m ensalis (S p ie s , 1973). in fu n d ib u lu m  l i v e s  i n
g e la t in o u s  tu b e s  i n  muddy s h o re s ,  b u t  u n lik e  o th e r  s a b e l l i d s ,  i t  does n o t 
i r r i g a t e  i t s  tu b e  (W ells , 1951 ).
I n  view  o f  th e  f a c t  t h a t  so l i t t l e  i s  knoim. abou t c h lo ro c ru o r in  and 
none has been  d e s c r ib e d  w ith  a  h ig h  oxygen a f f i n i t y  o r  a  n e g l ig ib le  
Bohr e f f e c t ,  I  exam ined th e  b lo o d s  o f  P h eru sa  and I-îyx icola .
9 .3  M a te r ia l  and m ethod.
P h eru sa  plum osa w ere c o l le c te d  from C u lle rc o a ts ,  N orthum berland and 
I-^Txicola in fund ibu lum  from South Devon on low s p r in g  t i d e s .
Worms w ere a n a e s th e t iz e d  >71 th  1 p e r  c e n t  MS222 (Sandoz) and , a f t e r  
d i s s e c t io n ,  th e  b lo o d  co u ld  be  c o l le c t e d  i n  g la s s  c a p i l l a r i e s  from  th e  
la r g e  g u t s in u s  f r e e  from  coelom ic f l u i d .
A b so rp tio n  s p e c t r a  w ere re c o rd e d  from a Beclonan DK-2 sp ec tro p h o to m ete r 
and th e  p o s it io n s  o f  th e  maxima w ere a s c e r ta in e d .
Oxygen e q u ilib r iu m  and com bining c a p a c i t i e s  w ere de term ined  as 
b e fo re .
u h
9*U R esu lts.
A d ilu te  so lu tio n  o f blood from Pherusa gave cC and (S absorption  
maxima at 606 and 557 nm and a Soret band at 1;33 um in  the oxy- s ta te .  
Deoxygenation w ith n itrogen d isp laced  the Soret peak towards the red  
end o f the spectrum at UU2 nm. A sim ilar spectrum was obtained from 
liy x ico la . These spectra  are in  agreement w ith  the data given by Fox 
( 1926) ,  C r e s c ite l l i  (19L5)j Antonini e t  a l .  (1962a) and Spies (1973) 
fo r  other chlorocruorins.
Because o f the d if f ic u lt y  experienced in  g e ttin g  whole blood from 
Pherusa fr e e  from traces o f coelomic f lu id , the h igh est estim ations o f  
oxygen-combining capacity  were probably the most accurate. From I4, 
pooled samples from l5  worms, the h igh est capacity  was 7.2 v o ls  %»
Blood from Myxicola was ea sier  to sample and gave co n sisten t ca p a c itie s  
ranging from 7*8 to 8.1 v o ls  The only fig u re  given in  the l ite r a tu r e  
i s  th a t o f  Sabella  p e n ic il lu s  which has a capacity  o f  10.2 v o ls  %
(Fox, 19il9).
Like other chlorocruorins, th at o f Pherusa did not saturate  in  a ir .
The fa c t  th at the blood was only 65^ saturated in  a ir  accounts for  the  
very low oxygen a f f in ity  ( F ig .9 . l ) .  An in te r a c t io n le s s ,  monophasic p lo t  
from H il l ' s  approximation i s  shoim in  F ig .9 .2 w ith a s lo p e , N=1.0. A 
sim ilar equilibrium  curve was obtained for  another f la b e l l ig e r id  (Pherusa 
in f la t e ) by Manwell ( 196U) •
Myxicola i s  unique in  reaching f u l l  saturation  at le s s  than a ir  
ten sions (F ig .9 * l) . I t  also has a higher oxygen a f f in ity  (see  Table 9 .1 )  
than Pherusa although i t  i s  very much lower than th a t shorn by most 
haemoglobins. A sim ilar £50 and biphasic P i l l  p lo t  was shown by other 
sa b e llid  chlorocruorins l i t h  N approaching 5 in  the m id-region o f the  
curve and le s s  than 1 a t low pO^'s (Fox, 1932; Antonini e t  ^ . ,  1962b 5 
Mamfell, I 96U) as i l lu s t r a te d  in  F ig .9 .3 .
A large "normal" Bohr e f fe c t  was observed for  both sp ecies  (Figs 9 .2 -3 )
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Figure 9 .1 . Oxygen e q u ilib r ia  o f chlorocruorin showing the sigmoid 
curve o f I"^rxicola ▼ (pH 7.18 and 20°C) reaching f u l l  
sa tu ration , and the fa ilu r e  o f the hyperbolic curve o f  
Pherusa ■ (pH 6.96  and 15^C) to do so at atmospheric 
oxygen ten s io n s .
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Figure 9 .2 ,  The e f f e c t  o f  hydrogen ion  a c t iv ity  on the oxygen 
e q u ilib r ia  o f  chlorocruorin from Pherusa plumosa 
using the lin ea r  transform ation "logjÿ/ClOO-^^ " 
as a fu nction  o f "log p" at 15^C. Blood was 
eq u ilib rated  ifithou t CO^  a (pH=6.95) and m th  CO^  
in  the eq u ilib ra tio n  mixtures ■ (pH=6.53)* The l in e s  
are drawn w ith a slope o f N=1 , 0 ,
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Figure 9 •3* The e f f e c t  o f  hydrogen ion  a c t iv ity  on the oxygen
equilihrinm  o f blood from lîyxAcola infundibulum  ^ using  
the lin ea r  transform ation given fo r  .Fig*9*2 at 20°C. 
Chlorocruorin was eq u ilib ra ted  xri_thout 00^  ^ (pH=7.20) 
and m th  CO^  ■ (pH=6 . 8 l ) .  The graph shows the biphasic  
nature o f  the equilibrium  im.th a slope o f N=U-  ^ in  the  
mid-range and le s s  than 1 a t low pO^’s ,
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and com pares w ith th at observed fo r  other chlorocruorins (Fox^ 1926; 
Antonini e t  1962b).
9 .5  D iscussion ,
The s im ila r it ie s  between haemoglobin and chlorocruorin are stru ctu ra l 
rather than fu n ctio n a l. Y et, the fu n ction a l s im ila r it ie s  w ith  the 
cephalopod haemocyanins are s tr ik in g , I lost apparent i s  the marked 
s e n s i t iv i t y  o f the oxygen equilibrium  to hry'-drogen ion  a c t iv ity .  The 
large  Bohr s h i f t  in  haemocyanin i s  correlated  w ith a good c irc u la tio n  of 
the blood and a w ell-developed system o f a fferen t and e fferen t v e s s e ls .
A w ell-developed a ffe r e n t/e ffe r e n t system appears a lso  to be a character­
i s t i c  o f ch lorocruorin-contain ing polychaetes (S ch lieper, 1927; S p ies, 
1973). The Bohr s h i f t  can be fu n ction a l only when the ambient pCOg i s  
very low and m th  pH d ifferen ces between a fferen t and e ffe re n t blood. 
These d ifferen ces  need not be very great for the Bohr s h i f t  to  operate, 
fo r  in  the cephalopod B ollgo, i t  i s  only 0 ,13  pH u n it (Jones, 1972).
At f i r s t ,  i t  i s  d i f f i c u l t  to see  what p o s it iv e  advantage such a large  
Bohr s h i f t  might confer upon the p olych aetes. However, when i t  i s  
remembered th a t the pH changes are l ik e ly  to be extremely sm all, then  
the s h i f t  could operate and a s s is t  oxygen unloading a t the t is su e  l e v e l .  
This represents a p o s s ib i l i t y  not r e a lise d  in  the adaptive d iv e r s ity  
o f function  in  haemoglobin evolu tion  where, at b e s t , s l ig h t  Bohr s h if t s  
o f unproven s ig n ifica n ce  have been noted in  Arenicola (Toulmond, 1970b) 
and Nephtys (Weber, 1971^.
The oxygen-equilibrium  o f chlorocruorin in  Sabella  sp a llan zan ii i s  
r e la t iv e ly  in s e n s it iv e  to changes in  temperature as in d ica ted  by a 
kcal mol”  ^ ( - 18 .8  kJ mol"^) (Antonini e t  a l .  (1962b). low 
values o f AH° have been in terp reted  as an adaptation to rapid temperature 
change in  the environment for  the tuna f i s h  (R ossi-F an elli e t  a l . , 196^) 
and the polychaete A renicola marina (Weber, 1972). I t  i s  d i f f i c u l t  to
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in terp re t the s a b e llid  heat o f oxygenation in  the same way as i t  i s  a 
predominantly su b lit to r a l sp ecies  idLth a low m etabolic ra te  and u n lik e ly  
to meet marked temperature f lu c tu a tio n s .
S ab ellid s ex h ib it a g iant fib re  response analogous to th at shovm 
in  cephalopod m olluscs, and th is  enables a rapid escape in to  th e ir  tu bes. 
They do not stay  vdthdraim for  very long , presumably because the pGO^  
would accumulate and hinder oxygen loading a t the s i t e s  o f  uptake. 
Polychaetes w ith  chlorocruorin are e s s e n t ia l ly  su b lit to r a l sp ec ie s  and 
th e ir  resp iratory  surfaces are bathed in  w ell-oxygenated water o f low 
pCO^  even though the tubes ma^ r extend in to  ano:d.c mud.
In contrast ifith  the d iverse properties o f oxygen equilibrium  in  
the annelid haemoglobins, a l l  chlorocruorins appear to have low oxygen 
a f f in i t i e s ,  as do the haemocyanins, and are th erefore assumed to transport 
oxygen under conditions o f  high ambient pOp (Jones, 1972). However, in  
contrast w ith the high oxygen-combining capacity  o f chlorocruorin, the 
haemocyanins have low ca p a c itie s  o f about 3-U v o ls  %, Presumably, the 
higher capacity  o f  chlorocruorin can increase the to ta l  turnover o f  
oxygen and allow for e f fe c t iv e  transport under lower pO^' s than the  
haemocyanins ifith  th e ir  low c a p a c it ie s .
I f  the convention th at the £^0 represents the unloading ten sion  and 
p9^ the loading ten sion  i s  applied , th eq it i s  d i f f i c u l t  to see how these  
pigments might a s s i s t  in  oxygen transport. Y et, the work o f  Ewer & Fox 
( 19UO) vzith resp iratory  ra tes o f normal and GO-treated Sabella  surely  
suggests that chlorocruorin transports oxygen over an external £0^ range 
dovm to 30 mm Hg. With an external £0  ^ o f  30 mm Hg, and allowing for a 
modest d iffu sio n  barrier across the g i l l  su rfaces, the £0^ a t the poin ts  
o f oxygen d e livery  must be much low er. Although I  have not measured 
in  vivo pH and pOg in  th ese worms, i t  cannot be true th at the £50 
corresponds irith the unloading ten sio n . This t a c i t  assumption in
^2h
oxygen equilibrium  in terp re ta tio n  seems even more unreasonable in  view  
o f the evidence given in  Table 9 .1 ,  An unloading tension  o f 260 mm Hg 
cannot be conceived i f  the conditions o f pH apply. In order to in terp re t  
the chlorocruorin equilibrium  data from a p h y sio lo g ica l standpoint, 
assumptions must be made about ^  vivo and near environment pO '^ s and 
pH’s .  Some progress has been made in  th is  d irectio n  T-jith in  vivo pH 
measurements (see Table 3 .1 ) and i t  i s  in te r e s t in g  th at measurementsA
o f pH are below the range used to study the s a b e llid  Bohr s h i f t  by 
other workers.
iJhile the sa b e llid s  show sigmoid equilibrium  curves and the f la b e llig e r -  
id s  show hyperbolic curves, there are no data, from the other polychaete  
fa m ilie s  (serp u lid s and ampharetids) which p ossess clilorocruorin.
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APPEin^IX .
The p r e c i s io n  b u f f e r  s o lu t io n s  c o n s is te d  o f : -
Type S150O 3l5lO
3.U02g KHjPO, 1 . 8160 KKgl-O,^
lj.U50g Ila^KT'C, .gH^O ? .501g  PajUPOj^.gH^O
1 ,000kg w a te r  1 .OOOjcg w a te r
C onversion  t a b le  f o r  oH a t  v a r io u s  te m p e ra tu re s
T°G pH v a lu e  pH v a lu e
f o r  31500 f o r  31.510
0 6.98U 7.531
5 6.951  7.U97
10 6 .923  7.U69
15 6.900  l .h h S
20 6.881 7.1j26
25 6.865 7 .I1IO
30 6.853 7.397
35 6.61iU 7.386
ISO
APPKlffilX 3  .
Bunsen c o e f f i c i e n t s  xlOO f o r  ojr/gen i n  w a te r ,
Tem perature ( C) Bunsen c o e f f i c i e n t
0 lu910
1 U.777
2 U.650
3 a .529
a a .a i3
■ 5 a .303
6 a . 196
8 3 .998
10 3 .816
12 3 .6a9
ia 3.a95
16 3.35a
18 3 .22a
20 3.105
22 . 2.99a
2a 2.892
26 2.798
28 2.711
30 2.630
32 2 .556
3a 2 .a87
36 2 .a23
38 2.36a
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